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1.0 SUMMARY

In~-situ observations of delamination fractufe in the scan-
ning electron microscope have indicated that a well defined
damage zone develops in advance of the crack tip. The size of
this damage zone which consists of microcracks depends on both
matrix ductility and mode of loading. Delamination fracture is
often dominated by interfacial failure, indicating that tougher
resins will not necessarily enhance delamination fracture
toughnesses unless the interface is also proportionately tougher.
Strain field mapping based on an experimentally measured
displacement fields and finite element analysis based on
orthotropic linear elastic constitutive properties of the
material are consistent with the observed damage zone size and
shape determined through the in-situ fracture observations.

Delamination fracture toughness has been observed to
increase mononotically with increasing mode II component of
loading in brittle systems, with Gy;7;./Gy., = 3 for brittle
systems., The delamination fracture toughness of composites with
very ductile matrices is relatively insensitive to the loading
mode. Micromechanistic interpretations for these observations
havé been made based on direct observations of fracture in the
SEM.

A J-integral approach for mode I delamination of a split
laminate specimen has been developed. Experimental work to

confirm the approach is under way.

2.0 OBJECTIVES

The objectives of the research program proposed herein are:
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2.1 to better define the deformation and fracture physics of
delamination fracture in graphite/epoxy composite materials so
that realistic micromechanics models of matrix dominated fracture
can be developed; and

2.2 to develop and refine reliable experimental and analytical
techniques to measure mode I, mode II and mixed mode delamination
fracture of both unidirectional and multidirectional composite
laminates to provide meaningful design parameters and beunch-
marks against which predictions of the various micromechanics

models may be tested.

3.0 SUMMARY WORK STATEMENT

The following areas of work have been performed to ach-
ieve the stated objectives:
3.1 in-situ fracture studies in a scanning electron microscope
(SEM) to better define the deformation and fracture processes
which accompany mode I and mode II delamination fracture and
delamination under compressive buckling conditions;
3.2 utilization of a technique to determine the strain field
around a crack tip in a composite using displacement fields
measured on specimens loaded in the SEM;
3.3 further refine testing and analytical techniques for
characterizing mode I, mode II, and mixed mode delamination
fracture using split laminates and distinguishing between
initiation and propagation (or resistance curve) behavior;
3.4 develop a simple mathematical model consistent with the
observations made in 3.1 and 3.2 which is capable of predicting

the results obtained in 3.3.
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4.0 SUMMARY OF ACCOMPLISHMENTS BY AREAS STATED IN WORK STATEMENT
4.1 In-Situ Fracture Observations

A new fixture has been designed and constructed to
allow mode II delamination fracture to be performed in the scann-
ing electron microscope (SEM). The fixture is essentially a
three point bend fixture which uses a standard end-notch flexure
test specimen (ENF).

The mode II delamination fracture of a very ductile system
(T6C145/F185 by Hexcel) and a very brittle system (AS4/3502 by
Hercules) have been studied this year. The size and shape of the
damage zone for mode II delamination are very different from that
previously observed for mode I delamination, as seen in Figures |
and 2. Note the scale in the y-direction is much finer than the
scale in the x-direction. Thus, the actual damage zone for mode
I1 loading is much more long and narrow than it appears in Fig-
ures 1| and 2. Figure 3 shows the appearance of the damage zone
as observed during delamination fracture in the SEM for AS4/3502.
The details of the formation of the "hackles” which are charact-
eristic of mode 11 delamination fracture of composites with a
brittle resin are seen. By contrast, Figure 4 shows a much
thicker damage zone for the T6C145/F185. This system shows a
much greater amount of shear deformation, some microcracking but
very few large "hackles” formed. Figures 5 and 6 show the post-
mortem fractography for these systems, with "hackles” being the
dominant feature in the AS4/3502 and shear deformation being the
dominant feature in the T6Cl145/F185.

The difference in the size and shape of the damage zone
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comparing mode I delamination to mode II delamination (compare
Figures 1 and 2) can be understood in part to be a result of the
difference in the stress fields for the two loading conditions.
Figures 7-10 indicate the results of a finite element analysis
for the test coupons loaded in mode I and mode II conditions.
While we incorporated linear (orthotropic) constitutive material
properties into the finite element analysis code used, makiang the
results somewhat approximate, the difference in the shape of the
respective stress fields and the different rates of decay of the
stress fields are very consistent with the observations of damage
zone size and shape shown schematically in Figures 1 and 2.

The size of the damage zone for several different composite
material systems loaded in mode 1 is summarized in Table I.
These results compare the damage zone size and shape as a
function of matrix ductility whereas Figures 1 and 2 compare mode
I loading to mode II loading. A comparison of Figure 1 to Figure
2 and a careful study of the results in Table I and II indicate
the effect of resin mechanical properties on damage zone size and
shape. The neat resin fracture toughness as well as the delami-
nation fracture toughness for each system are also indicated for
these same systems in Table II.

4.2 Crack Tip Strain Field Measurements

The strain field mapping technique using stereo-imaging has
been developed and utilized to measure the strain field
around a crack tip for mode I and mode II loading of AS4/3502.
Results are presented in Figures 11 and 12. The relatively high
levels of strain indicated would appear to be in error. However,

a careful examination of mode II delamination in Figures 3 and &

f'.".' .; ey 3
L WA
&Eﬁﬁhh#'
. _0
o 8 ¢
AR ARRRI

NN AN

Y

.

L.t
L
PR

»

Fol gl
.
.
a

I
&

2

P

PR

e e -
5
4G 4t

7,

o A
o

SR
A

l"

':'lf l" ‘
AR
RN

.

5
Y3
“

s

L}
-

R

5

d

‘91

5
[4
P |
YA
Iy

R

L
’
SRANPEAIS
R
RN
O

Ry

ot
5

AN




indicates that indeed very large local strains are involved
through the microcracking damage that precedes crack advance.
The stereo-imaging technique treats the material around the crack
tip as if it is a continuum. Thus, voiding or microcracking will
give a much higher indication of local strain than the resin
could deliver in the absence of cracking or cavitation.

An alternative approach to mapping the strain field around a
crack tip is currently being developed that is less tedious and
more accurate than the current stereo-imaging technique being
used. This technique will use a fine grid of points burnt onto
the surface using a laser. The two dimensional grip will have
points at five micron intervals. A photograph of the crack tip
region prior to and after loading will allow a direct measurement
of the displacement field, from which the strain field can be
calculated.

4.3 Fracture Mechanics Characterization of Materials

Work in this area may be divided into two areas. First, we
have continued to utilize already established techniques to
characterize mode I and mode II delamination fracture toughness
of materials where the test coupon geometry allows the
determination of load-displacement curves which are essentially
linear. Some of our results are summarized in Tables I and 1II.

Mixed mode 1/mode II delamination studies have been made on
several composite materials systems. These studies have been
made using asymmetrically loaded split laminate specimens. The

results indicate a monotonic increase in the total energy release

rate with increasing mode II loading. This increase 1is greatest
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for more brittle systems. The greater the observed increase in

total energy release rate with increasing mode II loading, the

more pronounced the observed hackle formation on the fracture

surface. Composite materials with relatively ductile matrices do

not form a very hackled surface, even for pure mode II loading,
and they have a GIIc/GIc that is not very different from unity.
Further details of this work are summarized in a paper entitled

"Correlations Between Micromechanical Failure Processes and the

Delamination Fracture Toughness of Graphite/Epoxy Systems” in

Appendix I.
Mode I delamination of multiaxial layup specimens has been

studied, with delamination as a function of layup stiffiness for

0/0 ply angle at the delamination interface and for constant

laminate stiffness but variable angle of plies across the

delamination interface. The results so far indicate that the

mismatch angle of the plies across the delamination interface
does not significantly effect the delamination energy release

rate for T6C145/F153. This resin is suv ficiently viscous during

processing that fiber nesting does not occur in the

unidirectional specimens. A different result might be obtained

on a system where fiber nesting does occur for unidirectional
laminates. On the other hand, a significant variation in the
energy release rate for delamination was observed for various
layups of the panel which gave different

stiffnesses, the angle

between the plies at the delaminating interface being held
constant. It has been determined that this variation 1in
calculated energy release rate results from varying degrees of

damage in the far field in the arms of the split laminate.
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Reanalysis of the

energy absorbed per unit area of crack

extension using a J-integral approach (to be discussed later in

this report) indicated the more reasonable result that the energy

absorbed per unit area of crack extension did not vary with

laminate stiffness. The apparent increase in such energy was the

result of varying degrees of far field damage in the various
plies with different ply stiffness.

A second area of activity has been the development of new

experimental and analytical techniques to assist in the fracture

toughness characterization of materials. Our work in this area
has been in three different directions.
4.3.1 J-Integral Analysis for Split Laminate Coupons

In conjunction with Dr. Richard Schapery, we have been
working to develop a genmeral J-integral approach to the

characterization of delamination fracture toughness for mode I

loading. While unidirectional laminates of 16-24 ply thickness

tested for mode I delamination fracture toughness can be analyzed

using linear analysis, testing of quasi-isotropic specimens has

demonstrated that a nonlinear analysis 1is needed. The

nonlinearity in this case is not just geometric (such as has

previously been analyzed by Devitt, Schapery and Bradley). It is

a result of significant permanent damage in the far field (i.e.,

in the cantilevered arms of the split laminate). The analysis

and preliminary experimental results are summarized in the paper
in Appendix I entitled "Delamination Analysis of Composites with
Distributed Damage Using a J-Integral”.

4.3.2 Mode II Delamination Fracture Toughness Measurements
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A method for measuring GIIC by bending a split laminate has

previously been developed at Texas A&M University. More

] recently, Street and Russell have developed an alternative test
to measure Gyy. called the end notch flexure test (ENF) which
utilizes a three point bend test. We have made measurements of

® Gite using our end load split laminate test and the end notched
flexure test (ENF) to see how the results compare. The two test

geometries are shown in Figure 13 with the results compared in

Table III. It should be noted that the results from the two

different tests are very consistent. It should also be empha-

sized that both tests suffer from permanent far field deformation

(indicated by the load-displacement curve not returning to the

[

T TR ST LA

origin when the specimen is unloaded) due to shear when a rel-

e
P

2y

e
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atively ductile material such as T6Cl145/F185 is studied. Thus,

e
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»

LW R,

the measurement of mode II toughness Gy1. determined using the

c
area method should be considered upper bound values for the
T6C145/F185 system. These results have indicated the need to
develop a J-integral analysis for the mode II test as well., This
will be done in the coming contract year.
4.3.3 Fracture Toughness Measurements of Tougher Neat Resins

The use of tougher neat resins in composites has increased
the need to develop a technique similar to ASTM-E813 for
measuring the fracture toughness of neat resin constituients of
various composite materials. Current practice has been to
introduce cracks using razor blades and then use a linear elastic
analysis.' We have found that different values of Jyc are
obtained if one introduces a fatigue precrack and properly

analyzes the load-displacement using a J analysis. For example,



the widely published value of G, for Hexcel FI185 is 5-6KJ/m2. We

. .

measured a Jy. of 8.1KJ/m2. Further efforts are planned in this
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coming year using polycarbonate as a model system to develop the
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technique and also study the effect of strain-rate on the mea-
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4.4 Micromechanics Modeling

-
o

A simple micromechanics model has been developed to try to

A
ay

L. predict the delamination fracture toughness from the neat resin
toughness. This model considers the size of the damage zone in
the neat resin compared to the size of the damage zone in the

composite and also considers the effect of the fibers which act

X
4

e e
P

PR AR

as rigid filler in the deformation/damage zone. The details are

Ty

‘?
b7

presented in the paper in Appendix I entitled "A Comparison of

LA }
%
4

l,f
h 1N

[)
Y-
’

the Crack Tip Damage Zone for Fracture of Hexcel F185 Neat Resin

il

Pd
2

and T6C145/F185 Composite”. The simple model overestimates the

d
NS
o
)

" I..'l .
.l 'I r
vy

actual mode I delamination fracture toughness. This may be due

e
L

S
LI R

a

hY

to the lower strain to failure present in the composite at the

@y

0

crack tip due to constraint and/or interfacial failure. The

)

AN

details of this work are summarized in a paper in Appendix I

WAL

entitled "The Relationship Between Resin Ductility and Composite
Delamination Fracture Toughness”. Strain field wmappiang of both
the neat resin and the composite in this coming year should
provide some clarification of the reason for the discrepency. We
will also be utilizing a more detailed micromechanics model
developed by Dr. Don Adams to try to improve our predictive
capability. We should also be able to improve the micromechanics

model as we see where it significantly deviates from the measured

-.\\ \-.\-.__- .\-‘\-‘\-‘._-l;_ R \.-_ S
LA P

. e
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strain field around the crack tip.
4.5 Fractography and Failure Analysis

While not specifically called for in this research work
statement, we have spent some time assisting Mr. Frank Fechek of
the Air Force Wright Aeronautical Laboratories in developing a
failure analysis methodology. Because we have been doing in-situ
and post—-mortem fractography to achieve our other objectives, it
has been a simple extension of this work to apply it to failure
analysis. The results of this effort are summarized in a paper
in Appendix I entitled "The Meaning and Significance of Hackles

in Composite Materials Failure Analysis”.

5.0 PUBLICATION RESULTING IN WHOLE OR IN PART FROM WORK SUPPORTED
BY AFOSR (Note all manuscripts are provided in Appendix I.)

5.1 "Micromechanisms of Fracture in Toughened Graphite-Epoxy
Laminates”, W.M. Jordan and W.L. Bradley, ASTM STP entitled
TOUGHENED COMPOSITES, submitted, 4/85; accepted with revisions,
9/85.

5.2 "The Meaning and Significance of Hackles in Composite
Materials Failure Analysis”, W. Jordan, M. Hibbs, and W. Bradley,
Proceedings of International Conference: Post Failure Analysis
Techniques for Fiber Reinforced Composites, Dayton, Ohio, July,
1985.

5.3 "A Comparison of the Crack Tip Damage Zone for Fracture of
Hexcel F185 Neat Resin and T6Cl45/F185" Composite”™, E.A.
Chakachery and W.L. Bradley, submitted, September, 1985; accepted

without any revision in March, 1986, for publication in POLYMER
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published, June, 1986.
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Resin Systems"”, to be presented and submitted for publication,
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8.0 SUMMARY OF SIGNIFICANCE OF ACCOMPLISHMENTS

Our work this past year has given a new insight into the
details of the fracture process that occurs during delamination.
For mode I delamination, failure in many systems is controlled by
interfacial failures. Thus, increasing the resin toughness
without a commensurate increase in the interfacial properties
will not give any net increase in the delamination toughness.

We have also come to understand why the delamination
toughness for mode I versus mode II is relatively similar for a
ductile matrix composite but very different (3X) for a brittle
composite. The fact that the fracture process is preceded by the
development of a significant damage zone whose size depends both
on resin properties and mode of loading is also significant in

guiding the development of meaningful micromechanics models.

A A o~ -
"t -'\-'\.' - ) « .

13

N i S T A T

L

-.\}4 %
L (G40
A X

2%

M
J&
Lt |

[N,
4

LRs
ik

A
Fd

>

>

A

)

'.

[

. -
Y

-

r.'r. -
r

S %
s

©
Ve
AOSIAN
NS
. 0

[ [N
LA

%

»
Pl

x
"
g n s

4
2z

i
I.(
/o'

7/
vt
>
]

el "-“l
.l
» ‘l.‘l 5 4 4
[SESE] *

ot

L}
)
27

®

'~
+
-~
v

2T

‘Sl
'3’
i"/.u

h AA
L% T R
g

T 2 JA PR
l‘ ’ [}
Ay
&

YSu Yy
P s
CA LN

/
!
LA

LY

L% 2% o
S Ne
R

1

L4

7r,",
LY )
¢

’
2,7

a2

X

S
.'
s

1" l‘

.

2 .{. e
LIo

[4
[ J‘J

~
~

5>
‘&
v
)




o,y
ol !
hn.-\-\\. -\s
-\f\ I .\-M. "
LACNE SN 5 L)
PRI ..\..-n-..» . ...\...‘..r-f. n-&-‘-rﬁ--\ \\ i

1#1&44
+ ....\...‘r~

II Ilﬂ -, ....... an

N "

\Q-- .
. ;\\\\

?rr(..-.a‘w.. a0,

TABLES




LIST OF TABLES

TABLE

® l. Summary of mechanical properties of resin and composites.

2. Deformation/Damage zone sizes for composites; determined
from in-situ fracture observations for mode I delamination

fracture.

® 3. Mode II delamination fracture toughness of AS4/3502 and
T6C145/F185.

X,

CACRLALRES

",
]
A
»

."'i"' ) '.' .

Y
)

P
LIRS
Y U

'S



WA AL NN

N S e PPl b
AR A A AL R o .
PN NI-L fff&f{«f‘.-\f .-.n-. \-..\.-\n-\- sh WM ?\?Lw,_

] L4 » o ’ \ \ \
AR R SRS CR PV AN ,4.\...\......«... e :
S S @A R @ NSNS N) QU I it P 0 et 00

i
A7 .._.J‘\..........‘..
hoany, P IRRRRIRNN)

16

otv¥e g02¢ 0008 06G£0°0 0690°0 OP°'L t¢°9% 086°8 [(8°8 G8 L4 “
060l 1104 09% 08l0°0 62¢0°0 08°L 6°2L 8ES°0 2R NGB w
02l 0¢s 0€L £€2¢0°0 00¥0°0 OL°L 9°89 085°0 oL°¢ GG L4 m
0991 GEE €0L0°0 0810°Nn 08°L S°99 669°0 96°1 dINGS L4 wm
05 66l 0L 050°0 £°0 058
Aws\av ANE\wv ANE\wV e} |9p (ed9) (ed9) (edW) $331sodwod 40} (%) uLsay Mm
O ue| nd 9 Sin 35 9SJ3ASURL] 3
uHHw un un 3 3

*$33150dwod pue uLsad 40 S3L3uadoud |eorueyosw jo Adewwns "I 3|qel




RS RANCLILAR WYY o

2AG B S X X AN A ~s.m~%m.ms Famaass sl ey s _w......s...,.....x....,. R dOAR AR ARSI R
2

\.....r.-.v A ARARRANY Cw iRy Pl A s \...f..(\-. - 1oy aret . AR AL S e 'nn-.-...) .
R BN BRI B i S s il aEe g
5022 0§ 002 - s8ld o
| S5 St g | ¥N 814 5
: 026 01 02 8" 89 6614/5p1191
: 519 01 02 5°0¢ §513/Sp1191
1 S101 02 0t 9°6S . GS14/Sv149L .
: - [ 02 . YN G514 .
061 : 02 b 9L 205€/9SY g
“ (/) (wn) (wr)
) A04) o042 4O (2°10A) _
_ . mO[3IQ/3A0QP° peaye K1isueqQ BR84S
J au0] adbeweqg JO 924§ 43Q1 4 23} S0dwo)
h *34N70PJ) UOLIPULWR[SPp | SPpOW 40} SUOLIPAU3SQO 3J4NIORUS NILS-UL

WOJ} PauULWAIIP ¢S97150dWOD 404 $d2ZLS auoz abeweQ/uoljewaoyaq "I alqgel

£a a [ ) o o [ - - > o



18

P4033u
W0L3J3[49p/PRO| UL P3AU3SGO UOLIRWAO4IP JUBURWUID 4O 8snedaq San|eA punog 4addn

"paje(nd|ed
3q ew me\n G221 30 sanjeA punoq uamo| uﬁhw ‘XPlld J4PBU JUOLAPYB] 4PIU!|UOU
ButacubtL “uotsuaixa yoedd a0y xeuq pue 3JueL {dWod 3uNSe3W 03 S3AAND 40
uoL3dod Jedul| S3SN U0 4] "(UOLIBWAOS3P JUIURWAA) S3AUND uoL323|43p/peoy
ut A3idedutL|uou JuedtyLubLs o3 anp a|qssod si uHHw 40 ucLle|NdED OF)

) 092¢ * 86E¢ x x S8L4/SP1091
£vs G69 £19 819 £YS 20GE/ySY
poYy3a| K409y | poy3an 3A4N) La03y] PLu37e
23Uy weaqg Jeaul’ p3UYy adue| | dwo) wesg Je3uL] LBtd93eq
3531 S73 159 4N3

(ure) "o

S8L4/S¥LI9L pue z0GE/pSY 40 Sssuybnol aunydedy uotieutwe|dq I SPOW "I1] alqe]

g

x




5y b A
P, u
NI

$

e L Te e

19

FIGURES




LIST OF FIGURES

Fig.

IO IT ST 2P

Damage zone size ahead of crack tip for mode I and mode 1II
fracture of AS4/3502 graphite/epoxy composite.

Damage zone size ahead of crack tip for mode I and mode II
fracture of T6C145/F185 graphite/epoxy composite.

Damage zone and concurrent hackle formation process of
AS4/3502 graphite/epoxy composite under mode II delamination
fracture. (a) 1000x, (b) 4000x, (c¢) 3000x, (d) 3000x.

Damage zone and crack formation processes of T6Cl145/F185
graphite/epoxy composite under mode Il delamination fracture.
(a) 1000x, (b) 1000x, (c) 1500x, (d) 3000.

Post-mortem fractography of AS4/3502 delaminated under mode
I1 fracture. Hackle formation is the major feature observed.
(a) 1000x, (b)1000x, (c)2000x, (d) 2000x.

Post-mortem fractography of T6C145/F185 delaminated under
mode II fracture. Shear deformation is dominant feature
observed. 1000x (all).

oy stress contour plot of split laminate beam tested under
mode I conditions.

Stress field ahead of crack tip of split laminate bean
tested under mode I conditions.

TXy stress contour plot of split laminate beam tested under
mode I1I conditions.

Stress field ahead of crack tip of split laminate beam tested
under mode II conditions.

Three dimensional strain field map in the region of the mode
I delamination crack tip for AS4/Dow P7 graphite/epoxy
composite. The strain is seen to be confined in the resin
region between the fibers (shaded areas). The maximum strain

occurs at the crack tip and decreases rapidly ahead of the
crack tip.

Three dimensional strain field map in the region of the mode
11 delamination crack tip of AS4/3501-6 graphite/epoxy
composite. The strain is seen to be confined in the resin
region betw2en the fibers (shaded areas). The maximum strain
occurs at the crack tip and remains fairly constant in the
remaining field of view ahead of crack tip.

End-notched flexure (ENF) test and end-loaded split laminate
(ELS) test configurations.
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ABSTRACT

The cecmbinatinn of low crosslink density and elastcmer
additions has been seen to give the most poctent toughening for
neat resins. A relatively small increment of the additienal neat
resin fracture toughening above 800J/m2 is actually reflected in
the delamination fracture toughness of a composite. Mcde 11
delamination toughness of brittle systems may be as much as three
times the mcde I delamination fracture tcughness while a ductile
system may have a mode II delamination fracture toughness that is
similar the the mede I value. The energy aborbed per unit area
of crack extension for delamination seems to be independent of
ply nrientation if proper accounting of the near and far £ield

energy dissipation is made.

KEY WORDS: ccmprsite materials, delaminatien, mecde I, mcde II,

mixed mode, toughened epoxy

v
.

A NS
“(a.'
P ] [4
1Y A
P

= 'l‘ l:‘-l
Sy
l..l
‘l .l
Al

e

[

[SL N
gt
7,
?

-

Rt
l"
.
Y
7

v
k1

x,
‘..“

a

X e e
afctaa
T
.
P

-«
-
~
3

-‘ T',

-

wATN N

YL
St

"'ty

- \ 0'.
A

»

Pl

PP
- [ |
RS
8§ e

Ve,
A
S

0

‘e
’
.
‘o "
2.l

(]
Ps

2

N
I%I

'l
'y

3
Talal e
j?ﬁﬂu
" SES A S LS

. 2

s

‘e
2Tl
et
» 'I‘l
'y to B Y v

f ..‘{..“-"l-.‘ .
Lﬂﬁﬁﬁ‘
LR S W)
1'..".'. 2Tap

I
f



el

LIST OF SYMBOLS

B specimen

E elastic modulus in the fiber direction

G _ critical energy release rate for stable crack growth

ic

for mode I loading

G IIcritical energy release rate for stable crack growth for mode II
c

loading

G total critical energy release rate for mixed mode locading

Tot,c

I moment of inertia for cracked portion of split laminate

H: crack length in split laminate

P asymmetric load component (Pu + PL)/Z (see Fig. 1)

P symmetric load component (B, - P;)/2 (see Fig. 1)
a

P  load applied to upper half of split laminate (See Fig. 1)
u

PL load applied to lower half of split laminate (See Fig. 1)

A total opening displacement (see Fig. 1)




LIST OF FIGURES

1. Schematic showing how asymmetric loading of split laminate can introduce a
mixed mode I/mode II state of stress at the crack tip.

1o

In-situ delamination of AS4/3502 showing debonding with very little resin
damage (top, at 1000x).

3a. In-situ delamination of T60045/F155 showing extensive microcracking around
the crack tip (left, at 3900 x).

3b. In situ delamination of T6T145/F155 showing coalescing of microcracks to
form macroscopic crack growth (right, at 3000x).

3c. In situ-delamination of T6T145/F155 system. Debonding as well as microcrack-
ing is visible (1000x).

4a. In-situ delamination of HX205 system. Main crack grows is preceeded by
developing alarge microcrack zone ahead of the crack tip(top, at 800x).

4b. In~situ delamination of HX205 system. Extensive microcracking that coalesces
into macroscopic crack growth (bottom, at 1000x).

5a. In-situ delamination T6T145/F185 system. Large microcrack zone ahead of

crack tip, with a significant extent above and below plane of crack (left,
at 1000x).

5b. In-situ delamination of T6T145/F185 system. Resin tearing as well as
microcracking is evident (rizht, at 1000x).

6a. In-situ delamination of T6T145/F155 system with fibers at +-45. (left, at
1000x%) .

6b. In-situ delamination of F155 system with fibers at +-45. Yote microcracks
that point back to macroscopic crack tip (right, at 1000x).

7a. Post-mortem fractography of F155 composite delaminated in Mode I conditions.
(near center of specimen) (upper left, at 100x)

7b. Post-mortem fractography of F155 composite delaminated in Mode I conditions .
(near edge of sample) (upper right, at 100x)

8a. Post-mortem fractography of HX205 composite delaminated in Mode I conditions.
(lower left, at 300x)

&8b. Post-mortem fractography of HX205 composite delaminated in Mode T conditions.
An example of a fiber that failed in shear. (lower right, at 7000x)

9a. Post-mortem fractography of F155 composite delaminated in 437 Mode II
conditions. (top surface of fractured specimen) (top, at 450x)
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Post-mortem fractography of F155 composite delaminated in 437% Mode II
conditions. (Bottom surface of fractured specimen). Note leaf like
artifacts are oriented in opposite direction to those on the top surface
(center, at 1500x).

Post-mortem fractography of HX205 composite delaminated in 437 Mode II
conditions (bottom, 300x).

Post-mortem fractography of AS4/3502 composite delaminated in Mode II
conditions. Zipper like artifacts appear to be formed by coalescence of
series of signodial shaped microcracks (top, 1500x).

Post-mortem fractography of F155 composite delaminated in Mode II conditionms.
Note extensive resin deformation (center, at 1000x).

Post-mortem fractography of HX205 composite delaminated in Mode II conditionms.
Note extensive resin deformation (bottom, at 1000x).
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A
INTRODUCTION \j;
Graphite/epoxy ccmposite materials are very attractive for a i;é&
number ~f aercspace applications because of their high strength iiia
RASAS

and stiffness to weight raties. Furthermore, the ability te §§§£
tailor the stiffness and thermal expansion cecefficients by the E}gs
appropriate layup of the material gives them great appeal. The i;&i
first generaticn of graphite/epoxy composites were develcped.tg :%ﬁf'

maximize stiffness and glass transiticn temperature, Tg, by hﬁil
were found to delaminate rather easily when out of plane stresses
were applied.

Subsequently, attempts have been made to improve the
composite toughness by impreoving the toughness of the resin
systems. This has had semewhat disappeinting results in that a
large increase in resin toughness has not been feund te give a
proportionate increase 1in cempnsite teoughness. Scett and

Phillips (1) found that a tenfeld increase in resin toughness

increased composite toughness by a facter twe. Similar resulct

7]

on different systems were fcund by Bascem et al. (2,3),
Vanderkley (4) and Bradley and Cchen (5,6).

In this paper we will consider the question of whether scme
types of resin tonughening mechanism are more effective than
others in enhancing delamination tonughness. In particular
tcughening by reductions in crosslink density and elastemer
additions will be considered. The efficacy of the toughening

mechanisms for both mede I, mode Il and mixed mnde loading will

be considered.

EXPERIMENTAL PROCEDURES AND ANALYSIS

‘e
)
et
. r
¥

.

v %
.

¢
[

izing




41

Materials

Four graphite epoxy componsite systems have been studied in
this research effort, Hercules AS4/3502 composite which
utilizes a highly crosslinked, and therefore, relatively
brittle, resin system was chosen to be compared with three
tecugher systems; namely, Hexcel T6T145/F155, T6T145/F185 and
T6T145/HX205. The Hexcel F155 resin has a lower crosslink
density [2B0 atmmic mass units between crosslinks(7)] than the
Hercules 3502 resin [a.m.u. between crosslinks not available].
The Hexcel F185 and HX205 resins have even lower cresslink
densities (430 a.m.u. between cresslinks(7)]. Thus, the thrce
Hexcel resins differ from the Hercules 3502 resin in that they
have lower crosslink densities, with the associated lower Tg
values and higher resin ductility.

A secend difference between the Hexcel F155 and the Hexcel
F185 resins and the Hercules 3502 resin is that the two Hexcel
resins have elastomeric material added to enhance their
respective toughnesses. Approximately 6% carboxy~-terminated
butadiene acrylonitride (CTBN) is included in the F155 resin,
This CTBN rubber precipitates as a second phase with a diameter
which varies frem 0.1 micron te 1.0 micron (2,3). The F185 resin
includes both a 6% addition of the CTBN rubber which precipitates
and approximately 8% of prereacted rubber which has been
mechanically blended inte the resin (2,3). These prereacted
rubber pérticles have a bimodal distribution of diameters with
peaks at 2 micreons and 8 microns, The Hexcel HX205 has had no

elastnmer additinns., Whatever teoughness it manifests is a result
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of its relatively low cresslink density, which is the same as the
Hexcel F185 resin, as previcusly noted.

Unidirectinnal, 24 ply thick panels of the AS4/3502 and the
T6T145/F155 were laid up using prepreg from the respective
manufacturers and then cured in an autnclave/press at Texas A&M
University. Additional panels of T6T145/F185 containing seome
plus and minus 45° plies were prepared te study the effact of ply
orientation across the delaminating plane on the delaminaticn
fracture toughness. Unidirecticnal, 24 ply thick panels cf
T6T145/F185 and T6T145/HX205 were prepared at NASA Langley for
this study.

All panels centained a 0.025 mm thick stripof teflen laid
to a depth of 3cm from cne edge of the panel between the center
two plies to provide a crack starter. Since the teflen strip
introduces a relatively blunt notched "crack", a natural crack
extension of at least 3 cm was made prior to the measurement of
any critical energy release rates, Thus, the G, values repcrtad
in this study are feor crack growth rather than crack initiatien,

Split laminate specimens 2.5cm wide by 30cm in length were
cut from the composite panels (fibers running the length of the
specimens for the unidirectienal panels) for macroscepic testing
while much smaller specimens (3 cm leng by 0.6 cm wide) were cut
to be fractured in the scanning electron micrnscope.

Castings nf neat resin were provided by Hexcel for the F155,
F185 and HX205 systems. Rectangular specimens 1.27cm wide by
0.3138cm thick by 3.56cm long were machined frem the neat resin
castings tn be tested on a dynamic mechanical spectrometer

manufacturered by Rheeometrics, Inc., Standard tensile specimens
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were also machined from the neat resin castings, as were compact

tension specimens fer fracture toughness testing. The cempact

tension specimens were a standard 1T size according ts ASTM-E399,

CA s

.l
bg ".‘
any

but with a thickness of approximately 0.5cm, which was the

v
'
5

thickness of the castings.
Mechanical Properties Testing

Delamination Fracture Toughness Tests--Delaminatien fracture
toughness tests were run at ambient temperature (24C) in opening
mcde (mode 1), shear mode (mode II) and mixed mede coenditiens on
split laminate test specimens using an MTS materials testing
system operated in streoke contrel at 0.0085cm/s. Lcad and
displacement were ccntinuously measured, while the crack length

was measured visually at the surface at discrete intervals (abcut

once every 1lcm of crack extension), Unlnad compliance

i

measurements were made at intervals of about 2-3cm.

v e e e 4 -
'l « 51 l’l

Mixed mode and mode II tests were also performed using split

v
"
a

laminate specimens. This was accemplished by asymmetrically

- e

lsading the cracked end of the split laminate while restricting

ey 1. 2

vertical displacement of the uncracked end, which was still free
tn translate horizontally, as seen in Figure 1. This procedure
was first developed by Vanderkley (4) at Texas A&M University.
The mixed mode loading can be analyzed by utilizing the
superposition principle and noting that an asymmetrically lecaded
split laminate can be treated as the sum of pure bending and pure
mede 1 ldading, with the pure bending giving essentially a pure
mnde II state of stress (see Figure 1). When the specimen is

lraded as shewn in Figure 1 with the uncracked end and the uppver
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arm of the split laminate held statimnary and the lower arm of
the split laminate displaced (through actuater displacement), the
percentage of mnde II leading will wvary centinuecusly throughcut
the test frem pure mode I to a mode 11 energy release rate that
is approximate 40% of the total energy release rate.

Two special cases of the lemading configuraticn seen in
Figure 1 may be noted. First, if the upper arm of the cracked
end of the split laminate is unconstrainted (P,=0), then the
specimen will experience a constant fractien of mode II loading
throughout the test, which gives a mede II energy release rate
that is 433 of the teotal energy release rate. Second, if both
upper and lnwer arms of the split laminate are pulled dewn with
equal force using the actuater (P, = -Pp), then a pure mede II
loading cnonditicen results, This leocading arrangement is, in
effect, cne half ~f a three pnint bend test, and thus, is very
similar to the end notch flexural test developed by Russell and
Street (8).

Fer the mode II tests, a 0.79mm teflen spacer was placed
between the crack faces «f the split laminate specimen to
minimize any fricticnal effects which might eccur by the rubbing
of the two surfaces tcgether, This spacer would constitute a
superimposed mcde I lonading, but because the spacer was very
thin, the mode I energy release rate it pronduces is trivially
small. A scanning electron micrmscopy examinatiosn of the
fractured surfaces after mode II testing gave nn indication of
rubbing between the twn fractured surfaces.

Neat Resin Fracture Tnughness Tests--Fracture toughness

tests were run nn several nf the neat resins where Glc values
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were either unavailable or were regarded with some suspicion

(literature values on F185 used linear elastic fracture
mechanics, which is questiocnable for such a ductile system). The
procedures specified in either ASTM-E399 or ASTM-E313 were
followed, with a single specimen, multiple cempliance apprecach
used for the ASTM-E813 on the Hexcel Fl85 system,. Fatigue
precracking was used to intreduce cracks in the cempact tensien
specimens.

Rheometrics Tests-—-Rheometric tests were run on neat resin
specimens. These specimens were subjected tc dynamics torsional
cycling over a wide range of temperatures which bracketed the

glass transition temperature, T The loss and storage modulus

g°
were recorded as a function of temperature. The glass transiticn
temperature was assumed to correspeond to the temperature where
the loss medulus value was a maximum.

Tensile Tests--Tensile tests were conducted on the neat
resin systems according to ASTM D638. Strain was measured using
strain gages which were mounted on the front and back face of
each specimen and were capable of measuring strain of up to 10%.
Ccmplete stress-strain behavior was determined for each specimen
from which tensile strength, yield strength and elongation were
noted.

Analysis of Delaminatien Fracture Toughness Tests
Mnode I Critical Energy Release Rate Analysis, Girgr For

Delaminatinn Fracture~--Generally the term critical energy release

rate is used tn refer to initial crack extension from scme

preexisting flaw nr fatigue precrack. In this work it is used to

-
f
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refer to the work required per unit area of new crack surface

created for stable crack prepagation, rather than for initiation.

o
h

-
I"l i

The mede I critical energy release rate was calculated using

s s
PR

.:";,
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linear beam theory as described by vVanderkley(4) where

v "/
faﬂx
nfn”
Azl

i,
v

Gro = [PgL.]2/BEI (1)

e
Ay

where Pg is the symmetric loading ([P,+P;]/2, see Figure 1), L.

s IS
DTN A
PR A

N bty
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]

is the crack length, B is the specimen width and EI is the

0’..1‘
oA
.;'/"-
rhhh

flexural stiffness of the arms of the cracked perticn of the

@
1
t

specimen.

Rt Al
0

o
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The flexural stiffness was calculated frem measured values

S

of load, Pg, displacementﬁxs, and crack length L. using a
relatienship also derived frem linear beam thecry; namely,
EI = 2PgL.3/3%4 (2)

<

A value f~r EI was calculated at each of the appreoximately 20

points per specimen where crack length was measured. An average

I
.

.
K
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v

b
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R
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value of EI for the specimen was then determined and used in

I"
Fi
atea e

L gR W

Equation 1 to calculate G,;. values, alsoc at approximately 20

1

peints for each specimen. Three split laminate specimens cf each

N
2t e

composite were tested in mede I with the reported Gio values
being the average cf appreximately sixty calculated values.

The results frem all meode I tests were also analyzed using
the gnload cempliance measurements analyzed using the methad
suggested by Wilkins et al., with the calculated values of G,

-

typically falling within 33 of the values calculated using linsar

LA

[N

beam theecry (i.e., Egquaticens 1 and 2). The enly mode I tests for

2,

which it was neot possible t2 use the linear beam theory analysis

FENEN

AN

(opr the Wilkins analysis) were the T6T145/F155 specimens

centaining all plus and minus 45”7 plies. Because of the lawer
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compliance, a significant degree of gensmetric nonlinearity was
® noted in the locad-displacement records for these specimens,
Furthermore some far field damage in the split laminate arms was
evident in view ¢f the fact that the lroad-displacement reccrd
® did nmt return to the origin on unlecading. As a result, the
nonlinear beam theory analysis first develeoped by Devitt et al.
(10) was used to analyze these results. However, this approach
/] is only grnod for nonlinear elastic behavior, A J-integral
analysis is currently being developed to use in analyzing these
results which include not only geometric necnlinearities but alse
( ncnlinear viscoelastic behavior of the resin.

Mixed Mcde and Mode II Critical Energy Release Rate

4, '
L

Analysis, Gpp., For Delaminatinn Fracture--Feor mode II
i. delamination fracture toughness analysis, the fonllcwing

relaticnship for mode II critical energy release rate was derived

WA BRI T
LA ]

o

by vanderxkley (4), again assuming linear beam theory and ﬁf

P

@ superposition (see Figure 1): b
| Grre = 3[P4Lc)2/4BEI (3)

where P, is the asymmetric lcad (pU-pL)/Z and the other terms are
< as previously defined.
For all pure mede II tests, the lrnad-displacement records

were found te be significantly noenlinear. Calculation of Griec

i. 8
' S
] values using Equatien 3 based on linear beam thenry gave 4
3 -~
y s : . ~l
: artifically high values of Gi;. in comparison to the results of ﬁg
. . 3 : s s o
' Russell and Street (3) ~n similar material. A critical energy -Q;
J (.

. aa
) » release rate calculatien for split laminate specimens based cn L.

nenlinear elastic beam thecry has previnusly been published far
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mode I 1lcading (10) but not for mode II lerading. Thus, we cheose
to use the area methrd approximation, whereby the area under a
locad-displacement record for lnading, crack advance from Ly te

L,, and unloading is determined and assumed to be equal tec tn

W

work required to increase the crack area by B[Lz—Ll], where B is
the specimen width. This methnd assumes all nof the werk
represented by the area bounded by the lecad, crack advance,
unlecad-displacement curve geces inte crack advance. Any far fie=1d
energy dissipation would errcneously be lumped inte the enerzvy
absorbed per unit area of crack extension relatienship. Thus,

the calculated values of Gy;;. using this apprecach may be

considered upper bound estimates. Nevertheless, n~ur results for

e e
"' - l'l
]

Gyrc using the area methed were in reasonable agreement with

'y

oo

.
e
K

Russell and Street's results (8) (which implies far field damage

1s minimal fer the unidirectinnal, split laminate specimens

s ¢

studied in this work) and were much smaller than the values cne

N YN S e

would obtain by naively using linear beam thecry <n the cbvicusly

nonlinear load-displacement records obtained on the mode II

specimens.

()

Mixed Mcde Critical Energy Release Rate Analysis, Gpap,c For e
I
Delaminaticn Fracture--Mcst of the load-displacement rececrds for

the mixed mecde delaminatien tests were quite linear so that 4§

P4

~

and Gyrc could be calculated using Equaticns (1) and (3) with
GTot,c calculated as the sum <f Gy, and G[;.. Where this was nct
the case,. no analysis was attempted since neither superpositicn

nor linear beam thenry would be appropriate.
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Real Time Observations of Delamination Fracture
In Scanning Electren Microsceope
Real time cbservatien of fracture in the scanning electren
microscope (SEM) is a relatively new technology. Theocaris and
Stassinakis (11) have fractured composite specimens lcaded in
tension in the LEM while Beaumont (12) has fractured composite
and polymeric systems using torisonal lcading in the SEM. In
this study small split laminate specimens were fractured in a
JEOL 35 scanning electrcn microscope specially equipped with a
locading stage. Delamination is obtained by pushing a delaminating

specimen over a blunt staticnary wedge. A blunt wedge was used

se that crack growth would result frem pushing apart the two
crack surfaces in essentially mecde I lcading, without any direct

pressure applied at the crack tip by the wedge. The wedge tip

remained well away from the crack tip so that mede I conditiens

would deminate at the crack tip. The fracture preccess was

recorded on video tape and standard sheet film. A peost-neorten SN

y ]
’:iiw

fractographic examinatinn was made of the fractured macrescopic

fo, o
split laminate specimens and the miniture split laminate specimens-fract
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o EXPERIMENTAL RESULTS
Results freom Mechanical Properties Tests
The results of the variocus mechanical preperties tests are
o summarized in Tables 1-4. The glass transitien temperature
results are presented in Table 1, where the 3502 i3 seen te have

the highest Tg, F135 has the lowest and HX205 and F135 have an

* identical value of Ty. The three more ductile systems, X205, .Q;¥L‘

F135 and F155 all have Tg values well belcw the relatively
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brittle 3502. The tensile tests results are summarized in Table

RN
afad)

° 2. No as-cast 3502 resin was obtained. Thus, a tensile test was 'a.'
nct run on this resin. The F155 and the HX205 have nearly ;:V‘
identical tensile properties, which is not surprising since they éiﬁiﬁ

® have the same Tg' The F185 resin is much meore scft and ductile, 'i::i:
than the F155 or the HX205, as expected. Though tensile §i£i
properties were not obtained for the 3502 resin, it would be 1ii£%

° expected to be somewhat stronger with a smaller elongation te T
failure than the other three resins.

The neat resin fracture toughness values, Gro, are

e summarized in Table 3 and correlate nicely with the Tg results
and the tensile test results presented in Tables 1 and 2. The .
different values of mede I and mode II delaminatien fracture i;_
toughness noted in Table 3 for T6T145/F155 are for two different ‘
batches of material purchased approximately one vear apart. The S.'
ratic of compesite delamination toughness, Gicr te neat resin g?
fracture toughness, Gier is seen tn decrease as the resin ;:
toughness increases, as previously noted by Bradley and Cchen (5) %i

-

and Hunston (15). A seceond impertant trend te note frem Table 3

R

is that the mode II delamination toughness is always higher than
the mnde I delaminatieon tnughness, with a ratiec of mode II

delamination teoughness to meode I delaminatien toughness cf

Fetit

approximately 3X for the brittle system decreasing te a value

just barely larger than 1.0X for the most ductile system, ORI
AN

: . . S, c'&

The effect of fiber »orientaticn across the plane «f ngéﬂ
Ip%s, g

delamination on delamination fracture toughness, Gp., is seen in :ﬁ_bQJ
.M

Table 4. For a specimen with plus or minus 45° plies acress the NN
-~ S

interface that is debnnding but with a stiffness similar ts a NN
o« e

N e

\":.:,\'_-.'

o -
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unidirectional composite, the delamination critical energy

LA
8
o
X
LN

|

@ release rate was found to be very similar to the results fecr )

o
<

(]
r

unidirectional laminates (600J/m2 compared to 520J/m?). Chai(l6)

Ve

"l
~

5
[ ‘:
TN
ariety

4

has previocusly noted a similar result; namely, that ply orientation :::,__
¥ S
o across the plane of delamination does not significantly effect D

the delamination fracture toughness for laminates with similar

: stiffness. The much larger value for Gic indicated for the ,
] second multi-axial layup is a result of far field damage due to P\
TN
E nonlinear viscecelastic behavior by the resin. As will be seen {{};'
: presently, the resin carries a significant lecad in the axial \-S;:Q;
(4 direction for a compnsite laminate with all +-45° plies. This ‘!.\:.__}-
significant resin lecading not only in the crack tip region but at ‘_}__‘E?‘_
LR
other locations remocved from the crack tip will cause the resin f—::_:
N A"
| J to undergns nonlinear viscoaelastic deformation. This energy Q—,‘
LY Ve
dissipation in the far field should not be counted in the crack i,,-:-:e
)
tip energy dissipation per unit area of crack extension. The use ::E\z
. % .t
@ of a J-integral approcach allows one te properly distinguish !:_;-:..:.
between the far field energy dissipation and the crack tip energy E-_;E
N
dissipation. :':::;

C Results Frem Real-Time Observatioens o7 Delamination
Fracture in Scanning Electron Microsconpe

The observatinns of fracture in the SEM had as it purpnse

L the determination of the details of the delamination fracture

process for the various systems to gain a better understanding «f

how resin'touqhness can be translated inteo delaminatien fracture

L4 toughness. The damage zeone size arocund the crack tip as well as

the critical event (i.e., resin fracture, interfacial debend,




etc) can be determined from such observaticns.

In-situ fractography for the four composite systems are
shown in Figures 2-5. The damage zone as evidenced by fine
micrecracking is seen to be very small for the AS4/3502 and the
critical fracture event is usually interfacial debonding (see
Figure 2). 1In Figure 2, the cracking appears to be through the
resin, but is in fact aleng a fiber just beneath the surface, as
indicated by the charging (light ceolored reginon) adjacent te the
fracture plane. Crack advance in the AS4/3502 was usually
discontinucus. As the wedge was 1inserted further into the
specimen, crack advance would not cccur continuously but in a
burst of interfacial debecnding which resulted in significant
crack advance. This unstable mecde of crack growth suggests that
the interfacial beonding in this system 1Is quite heterogeneous.
Crack arrest probably occurs at some locally better bonded
reginn. The energy release rate must be increased teo initiate
crack grewth, However, once the locally better interfacial
bending is overceome, crack advance occurs until the energy
release rate decreases (which it does for crack extensicn under
displacement controlled lrading) to a value lower than the local
resistance, Gy, which is probably at the next region of better
interfacial bending.

A much more extensive damage zone is seen around the crack
tip for T6T145/F155 (see Figure 3). The microcracked =zone is
much larger in extent than for the AS4/3502 and has a much
greater density of micrecracks. Inspite of this fact, a

significant amecunt »f crack extension nccurred by interfacial

failure, 1t did net appear that the interfacial failure in the
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TG6T145/F155 was always due to debonding. Rather it sometimes

appeared that the microcrack density was greater adjacent to
fibers, and therefore, made coalescence more likely in that
region. Thus, it was rather exception to see a bare fiber in the
post-mortem fractography of the T6T145/F155 while bare fibers
were quite common in the AS4/3502.

The in-situ fractegraphy for the T6T145/HX205 is presented
in Figure 4 where the damage =zone is again sesn to be
characterized by significant microcracking. The extent of the
damage zone is somewhat greater than for the T6T145/F155, but the
density of microcracking is much less. Failure seemed to proceed
in the interfacial area between resin and fiber, not by debending
but by coalescence of microcracks which seemed to exist in
greater number in the interfacial region in the T6T145/HX205.

Finally, the damage zcne around the crack tip in the
T6T145/F185 is seen in Figure 5 to be both large in extent and
high in density of microcracks. Again, the failure is still
frequently near the interface, but due to a higher density of
microcracks in this regisn rather than debeonding. Very few
regions of bare fiber are noted in the post-mortem fractegraphy.

The in-situ fracture behavier of the T6T145/F155 cempoasite
with off angle plies is seen in Figure 6. Because the fibers are
at an angle of 45° to the length of the specimen, mode I leading
of the split laminate gives significant lrnading of the resin
along thellength of the specimen as well as in the mode I npening
direction. Thus, while microcracking similar to that observed in

the specimens made from a unidirectinnal laninate is still
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| N
evident, the orientation is different and voiding at the %L
resin/fiber interface is noted. 1In fact coalescence of these éﬁhﬁ
¢ voids seems to play a significant ronle in the delaminatinn 'ﬂﬁh
fracture process in a split laminate with a large number of off Eﬁé;
.
o axis plies. :i‘:".';':
Typical damage zone sizes around the crack tip of the g%g;
various compnsites tested have been quantifiad and are summarized ;Hij
e
in Table 5. RN
@ ,
Results of Post-Mortem Fractographic Examination of ﬁ;j?
Fractured Surface of Delaminated Specimens i%%f
e The post-mortem fractcgraphic examination included spescimens ﬁiﬁi
fractured for mede I, mede II and mixed mode loading cenditicns, g .
The results for the AS4/3502 censistently indicated bare fibers
(except possible sizing) and interfacial debending, whereas the
¢ three ductile systems gave only occasinnal indicatisn of fiber
debonding. Post-mortem fractographic results for T6T145/F155 and
e T6T145/HX205 are seen in Figures 7 and 8. The duplex appearance
to the fracture surface in the T6T145/F155 appears to be the
result of a variable thickness of the resin rich regiecn between
plies. Only a few bare fibers are noted.
¢ Figures 9-11 present highlights of the results from the
post-mortem fractcgraphic examination of the specimens fractured
in mnde II and mixed mnde. At the time this work was deone, our
) stage was not yet adapted for mode II testing in the SEM. Thus,
the post-mortem fractographic results on the mode II and the
o mixed mode delamination fractures constitute all of the
fractongraphic information obtained for these lnading cenditinons.
The distinctive features on the fractured surface nf the threae
L
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more ductile composite systems loaded with a significant
percentage of mode II locading are leaf like artifacts whose
orientation relative to the delamination plane increase
monotonically with increasing percentage cof mode II 1lnading. The
more brittle AS4/3502 had a very regular array of what appear to
be sigmodial shaped microcracks which have ccalescad to give
macrccrack advance,

DISCUSSION

The significant results to be discussed in this sectieon
are as follows:

(1) the efficacy of rubber particle additinns and lower
crosslink density in enhancing neat resin fracture toughness;

(2) the efficacy nf rubber particle additiens and lower
crosslink density in enhancing composite delaminaticn fracture
toughness;

(3) the change in fracture toughness with increasing
fractiocn of mode II shear lmading; and

(4) the effect of ply orientation and laminate stiffness 2n
delaminatien fracture toughness.

These macroscopic fracture toughness results will be discussed in
light of the in-situ and post-mortem fractngraphic observatiscns.
Neat Resin Fracture Toughness

The neat resin toughness was found te correlate with Tg and
with elongatiern in a tensile test for the four systems studied.
It is interesting to note that the F155 and the HX205 had quite

similar tensile properties and T though they were tnughened

gl
semewhat differently; 1i.e., HX205 relied entirely nn decreasing
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the <crosslink density while the F155 used a combinatisn of
reduction in crosslink density (compared to epoxy like 3502) and
rubber particle additiens. The F155 had a better fracture
toughness for both neat resin and composite delamination.
Materials with similar tensile elongations may have significancly
different fracture toughnesses since fracture toughness depends
on the ductility under a triaxial rather than a uniaxial states
cof stress. Since rubber particle additions can relieve this
triaxial state of tension by voiding, the same elongation in a
tensile test may correlate with a higher fracture toughness f=or
rubber particle toughened resins.

The beneficial effect of rubber particle additiens is
particularly evident in the F185, whose neat resin toughness is
18X that »f the HX205 even though their tensile ductilities
differ by cnly a factor of 3X, The elastomer additions while
giving ssme enhancement to elongation give a dramatic increass ton
the fracture toughness. Yee and Pearson (17) have noted that a
resin needs to have some intrinsic capacity te defeorm in resprnse
to shear stress if it is to be benefited by rubber particle
additions, which principally increase the shear stress in the
crack tip region by relaxing constraint. Again, the very large
fracture toughness of the F185 ccmpared teo the other systems
suggest s a strong synergistic effect between lowering the
crosslink density, which increases the freedem te defosrm in
response tn shear stress and rubber particle additieons, which

alleow larger shear stresses tn be develnped at the tip nf a
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Translation of Neat Resin Trughness intns Delaminatien

Toughness

Ther%ppear to be at least two reasons why tougher resin
systems give a much smaller fraction of their neat resin fracture
toughness in delaminatisn toughness. First, a tougher resin has
a deformation zone that is much more extensive than the resin
rich region between plies. 1In the compnsite, the fibers act
like rigid filler in this deformation zone, which reduces load
redistribution away frem the crack tip, allewing the critical
strain or critical stress condition for leocal failure to be
achieved more easily. For resins where the defnarmatien/damage
zone ahead of the crack tip is on a scale less than or equal to
the height of the resin rich region between plies, one might
expect the neat resin tecughness and the delamination toughness to
be similar 1if interfacial failures do not deminate the
delamination fracture behavior. Only in the case nf the F185 is
there extensive damage cutside of the resin rich region betwzen
plies, and only in this system is there a dramatic difference in
the neat resin fracture toughness and the composite delaminatien
fracture toughness.

A second way the fibers may prevent delaminatien fracture
toughness freom achleving neat resin fracture toughness is that
they allew hetercgenenus nucleation sites for fracture. For mode
I loading, all four of the compnsite systems studied had failure
primarily in the interfacial region. Even where fiber bonding is
gond, the interfacial region seems tn have a greater density of
micrncracks (or defermatien), which leads to premature failure cf

the cempesite prinr to extractinn of the full tsughness frem the
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resin system.

Mode II Delamination Fracture Toughness

The more brittle the system, the greater is the ratic »of
Gric te° Gyc. This is the generalization from this werk and cther
unpublished work at Texas A&M University. The increase in tctal
energy release rate for increasing mnde II in brittle systems can
be understond tc be the result of a whole series of sigmedial
shaped cracks forming as brittle microcracks , impeded in their
growth on their respective principle normal stress plane by the
presence of the fibers. This both increases the area =of fracture
surface created and constitutes a mecre torturous path feor crack
propagatiocn, each of which would require grazater energy
dissipatien per unit area nof crack extension.

Wnere the fracture is more ductile, the energy dissipaticn
does not seem to be such a sensitive functien of the impcsed
state of stress. Thus, ductile systems give similar values for
Gyc and Gyyc-

The Effect of 0ff Angle Plies
The in-situ fractography seen in Figure 6 clearly indicates
that significant resin deformation is occurring aleng the axis of
the specimen. This specimen with all +-45° plies would certainly
experience significant resin loading in the directien of the
specimen axis due to bending stresses. While similar stresses
would also be experienced by a unidirectienal laminate specimen,
the fibérs would carry essentially all nf the lonading in the

axial directinn. It is this additiemnal defnrmatinn, not »only in

the crack tip regisn, but presumably all along the specimen that
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is the far field damage previously menticned as being responsible 'tyQQ
,:;..":\:,\
» for giving an artifically high value for Gro ~f 14003/m2. It is ROy
worth noting that the specimen with +-45° plies at the interface ety
RS RN
E
where delaminatien is occurring but mainly unidirecticnal plies f@ﬁgs
I
otherwise had a delaminatien fracture toughness similar te that Lol
o )
for the unidirecticnal laminate. A J-integral analysis being <o
developed at Texas A&M University has given appreoximataely 600J/m2
e for Gy, for the laminate with all +-45° plies. If this proves to
be a reliable result, then it suggests that the delaminazi=n
fracture teoughness in composite materials may be a material
¢ property independent of stacking sequence if the near and far
field damage are properly separated.
SUMMARY
‘ The cecmbination of 1low crosslink density and elastomer
@
‘ additions has been seen to give the most potent toughening feor
: neat resins. A relatively small increment of the additisnal neat
5 : : . Iy
i resin fracture toughening abcve 800J/m2 is actually reflected in i
® o
: the delaminatinn fracture toughness of a composite. Mode II :ﬁ;ﬁi
| delamination toughness of brittle systems may be as much as three :ﬁbif
| -_"._"."
. . . AR A
: times the mode I delaminatien fracture toughness while a ductile AN
AN —p
: system may have a mode II delamination fracture toughness that is L;{ﬁ}
: similar the the mode I value. The energy aborbed per unit area ‘iﬁjﬁ:
' R . NS
’ of crack extensinn for delamination seems teo be independent of latete
Il h 8
: ply nrientatinsn if proper accounting of the near and far field R
. RPN
] . : : : .',\::.:_-.
. energy dissipation is made. ROV
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TABLE 3 Critical Energy Release Rates (GC)
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TABLE 5 Damage Zone Size and Corresponding Delamination Fracture Toughness
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A COMPARISON OF THE CRACK TIP DAMAGE ZONE FOR FRACTURE

OF HEXCEL F185 MEAT RESIN AND T6T145/F185 COMPOSITE

E. A. Chakachery and W. L. Bradley
Texas A&M University
College Station, TX 77445

Presented at the ACS International Symposium
on Non-Linear Deformation, Fatigue and Fracture

of Polymeric Materials
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T e s

ABSTRACT

A Comparison of the Crack Tip Damage Zone for Fracture of Hexcel

F185 Meat Resin and T6T145/F185 Composite, E. A. Chakachery and W. L.

Bradley, Texas A&M University, College Station, 77843. Hexcel F185
neat resin and T6T145/F185 graphite fibre reinforced composite were
subjected to Mode 1 loading in the compact tension gecmetry (fibres
parallel to the crack) and the energy per unit area of crack
’
extension, JIc’ determined to be 8100 and 1600 J/m2 respectively.
In-situ fracture studies in the SEM on a CT-type specimen of F185
showed extensive micorcracking in a damge zone ahead of the crack tip,
which was similar to the microcracking observed in the whitened area
ahead of the crack tip in the macroscopic CT specimens. A simple
calculation using a rule of mixtures approach suggests that the
diminished size of the damage zone and the presence of rigid fibres in
the damage zone in the composite are not a sufficient explanation to
account for the significantly lower toughness of the composite
compared to the r;eat resin. From this it may be inferred that the
strain to failure locally in the damage zone ahead of the crack in the
composite may also be lower than that which can be tolerated in the
neat resin. Evidence for this idea comes from the observation that

microcrack coalescence seems to occur preferentially at the

fibre/resin interface.
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INTRODUCTION e

Delamination in graphite fibre reinforced resin composites is "'_"'-":

.
)
4
 §

I o o

well known to 1imit the extensive use of these materials in some
structural applications. Much effort has been directed in the past
decade towards improving the delamination fracture toughness of
graphite/epoxy composites (1-10). Since the delamination crack
propagates through the interlaminar resin rich region, the emphasis
has been on obtaining epoxy resins with improved fracture toughness.
The addition of elastometric modifiers was shown (1-6) to dramatically
increase tre fracture toughness, GIc’ of the matrix resin, but
resulted only in a modest increase in the delamination fracture
toughness of the composite (7,8). This was shown (8-10) to be
primarily due to the reduced volume of resin deformation i1 the damage
zone ahead of the delamination crack tip since the fitres act as rigid
fillers in the ductile matrix. Evidence in support of this conclusion
vas obtained (9,10) from the observaticn that a decrease in the fibre
volume fraction resu’ted in an increase in the delamination fracture
toughness. The current investigation was undertaken to attempt to

correlate the delamination fracture toughness of the composite with

the fracture toughness of the neat resin. The determination of the
fracture processes occurring in the vicinity of the crack tip in both ;r',-;'j;-::
» ‘-'\'-- .-.
tine composite and the neat resin was a necessary first step. If these *:-1\-
AR
events are nominally the same, then there Mmay be a relationship I:‘-\:‘:':;"-.

between neat resin toughness and delamination toughness.

To study the relationship between neat resin fracture toughness



and composite delamination fracture toughness, in-situ observations of
each fracture process have been made in the scanning electron
microscope. These observations have been correlated with macroscopic
measurements of a composite made from this neat resin. A simple
model has been proposed to relate the microscopic observations of the
fracture processes to the observed macroscopic measurements of
fracture toughness.

The resin system selected for this study was the F185 formulation
commercially available from Hexcel Corp. It is a relatively ductile
epoxy (9% elongation in a 2.5 cm gage section) with a reported
fracture toughness of 6000 J/m2 (7,11). The resin is primarily a
diglycidyl ether of bisphenol A, (DGEZBA), modified by the addition of
8.1 wt% of liquid CTBN (Hycar®l300 X 13), a carboxyl terminated
copolymer of butadiene and acrqupitrile. It is further toughened by
the addition of 5.4 wt% of Hyca;31472, a pre-reacted solid elastomer
in a bimodal particle size distribution of nominally 2 um and 8 »
diameters. The liquid CTBN undergoes partial phase separation into
particles varying from 0.1 m to 10 m in size. The portion that does
not phase separate out before gelation of the epoxy remains in
solution in the epoxy matrix and has a plasticizing effect on the
resin (3,4), thus lowering the yield strength of the epoxy matrix.
The phase separated CTBN undergoes dilatation and rupture by
cavitation (5,6) thus reducing the triaxial state of stress in the
vicinity of the particle. This has the effect of locally increasing
the shear stress and promoting deformation through the formation of

shear bands (5,6).
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EXPERIMENTAL PROCEDURES

Materials and Specimen Preparation

The F185 neat resin and the T6T7/145/F185 graphite/epoxy composite
used were both supplied by Hexcel Corporation. Plates, 1.25 cm, 0.5
cm, and 0.2 cm thick, of F185 were received as cast, and were machined
according to ASTM E 813-81 to obtain standard 1T compact tension (CT)
specimens, but with a thickness of 1.25 cm. The T6T145/F185 composite
was obtained both as preimpregnated tape ( 25 cm wide) and as
undirectional plates, 90 plies thick (A) and 24 plies thick (B).
Compact tension specimens were machined from plate A such that the
fibers and the laminate Jay-up axis were transverse to the load line,
with the direction of crack propagation parallel to the fibres. As
with the F185 resin these were standard 1T compact tension specimens
with a thickness of 1.25 cm. Plate B contained a teflon strip ( 2.5
cm wide, running perpendicular to the fibre direction )} between the
twelfth and thirteenth plies. This created a region of debond which
acted as an initial delamination crack. Two undirecitonal plates,
sixteen plies (C) and twelve plies thick (D), were laid up from the

preimpregnated tape with mid-plane teflon inserts {(as in plate B), and

cured according to the schedule described in the specification sheet

supplied by Hexcel Corporation. Double cantilever beam (DCB)
specimens (2.5 cm wide and 25 cm long) were machined from plates B and
C such that the fibre direction was parallel to the specimen length.
Tabs which allowed for free rotation were bonded to the DCB specimens

at the end with the initial delamination crack.
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Miniature DCB specimens of the composite (3.8 c¢cm long and 0.7 cm

wide) were cut from plate D and minature CT-type specimens of the neat
resin (4 cm long, 2.8 cm wide and 0.2 cm thick) were also machined for
in-situ studies. These were ground, polished (0.25 um), cleaned
ultrasonically and coated with a Au/Pd alloy (~150 A) prior to

observation in the scanning electron microscope.

Specimen Testing

A1l macroscopic testing of DCB and CT specimens were performed on
a Materials Test System (MTS) servo-hydraulic machine in displacement
control under quasi-static loading conditions (4x163 to 7x10.-im/sec)
at room temperature. Load-displacement records were obtained directly
from the MTS strip chart recorder and were also digitized
simultaneously via a Hewlett-Packard HP 3497A Data Acquisition Unit
and stored through a HP 9816 desk-top computer. All CT specimens were
machined with a chevron notch and were pre-cracked in fatigue until
the crack front was out of the chevron. Fatigue load limits were
determined as per ASTM E 399-81 for the composite and ASTM 813-81 for
the F185 resin. Post-mortem fractography was performed on a JEOL
JSM-25 scanning electron microscope. A JEOL JSM-35CF scanning
electron microscope equipped with a JEOL 35-TS2 tensile stage was used
for the fracture studies in-situ in the SEM. Photomicrograpnic stills

and real-time videotapes were obtained of the fracture processes.
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e RESULTS, ANALYSIS AND DISCUSSION

EION
TR
Macroscopic Fracture Toughness Measurements RN
EASRS
e W
® The load-displacement results for the delamination tests were ; .
)
) nt
analyzed using a relationship derived from linear beam theory by ::'._{.”.f.,'_‘
KN
Devitt et al (12), namely, ’:;_?-,:‘t
o :.
2,2 g
P ol
6 ——— (1) N
BEI e
-,‘:)\,
€ ANV .o
where P is the load, L is the crack length, B is the width, E is the ] .
ey
.‘ S "'n
tensile modulus and 1 is the rotational moment of inertia for each :ﬁ‘_ -
half of the split laminate. The ratio of load line displacement to .j:Z::;. -
SN
RIIN
g crack length remained well below the limit of 0.6 for linear beam )
RN
theory to be applicable (12). The crack length was measured visually RO
a a3
at the surface at approximately fifteen discrete points and the loads :':::::::_'
.-.'4-'_-\
g and displacements recorded at these same points. Critical energy
release rates could then be calculated for each point. The calculated
GI values remained essentially constant for various crack lengths. An
c
¢ average of the calculated values after the transient was found to be
1900 J/m® .
The 1T compact tension specimens of F185 was tested in - O
A
t displacement control with multiple, partial unloading to allow _li‘!
determination of the crack extension by the compliance method. The :'_j'.'- :;;J
r\.:. .\.
1oad-displacement record was quite nonlinear (Fig. 1), necessitating a ;'.:-.‘.-:li
.-_:.:,'.-‘_.J
“ J-integral analysis according to ASTM E813-8l1. A well defined J-R L_’?il
curve was obtained from which a JICvalue of 8100 J/mzwas determined. ::;-\_:_lj'-::j
N
e > @R

%
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This is considerably higher than the value of 6000 J/mzreported by the
manufacturer (11). This difference may be due to our use of fatigue
precracking rather than razor notching or due to our use of a
nonlinear rather than linear analysis. If we use the linear elastic
analysis in ASTM E399-81,we obtain a KQ value of 2700 J/m2 from the 5%
secant offset value of QJ. However, Pmax is much greater than 1.1 PQ,
and the specimen thickness is less than that required by ASTM-£399 for
K to be equal to KIc' Thus, the linear elastic analysis is invalid
for ocur specimen size. If we use Pmax and the actual crack length at
Pmax in a LEFM calculation, we obtain a "K ., " which has an equivalent

Ic

G, of 6300 J/m? which is similar to the 6000 J/® obtained by Bascom

I
(2) using a simitar approach. We believe that the value of 8100 J/m2

obtained in this work using fatigue precracked specimens and a
J-integral analysis is a more meaningful measure of the fracture
toughness of the F185 resin.

A J-integral approach was also used to analyze the data obtained
in the CT specimens of the composite. The Jic for transverse crack
growth thus obtained was 1600 J/m2 which compares very well with
recent results by Bascom {(13). The macroscopic test may be summarized
as follows: the neat resin fracture toughness was 8100 J/m2 whereas
the delamination and transverse cracking in the composite gave
toughness values of 1900 J/n? and 1600 J/m2 respectively. Thus, crack
growth in the composite parallel to the fibre direction is much easier

than crack growth in the neat resin.

In-Situ and Post Mortem Fracture Observations in SEM

Fracture studies conducted in the scanning electron microscope on
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b the F185 neat resin indicate that the zone ahead of the crack tip
undergoes extensive microcracking (Fig. 2). There has been some
recent controversy as to whether these are actually microcracks in the
P resin or microcracks in the 150A thick gold-palladium coating applied
to the specimens to minimize charging. To try to verify that these
are actual microcracks in the material, we have recently polished two
L sides of an AS4/3501-6 graphite/epoxy composite, coated one side with
a 150A thick layer of gold-palladium in the usual way, delaminated the
specimen in the SEM, removed the specimen with the wedge in tact to

P
) avoid viscoelastic recovery and closure of the microcracks, and then :_.Q

coated the other side with gold-palladium in the usual way, and then

S
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examined it in the SEM with the wedge still in tact. The results of

-
L w .

this exercise are presented in Figures 3(a) and 3(b). The microcrack ’.?“.»"1
morphology on the side coated and then deformed is essentially :I:’,\(l
indistinguishable from the microcrack morphology seen on the side EEEE:A
deformed and then coated. Thus, we believe that the Au/Pd coating is !\:.\\4
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not responsible for the microcracking seen on the surface of our
specimens.

The microcracked region ahead of the crack tip of the F185 neat

. . N o l.(

resin (Fig. 2) extends 60-70 um above and below the crack tip and is URONTN
: ‘-r._«‘.‘-:\

shaped somewhat like a kidney bean. Crack propagation under fixed .~;§\::.’$\

grip conditions occurred in a discontinuous manner via a
time-dependent coalescing of the microcracks ahead of a blunted crack
tip. With each successive extension, crack advance of 120-150 .m was

observed, resulting in a very sharp crack tip with relatively few

' !
Ry

microcracks ahead of it. The applied crack opening displacement was

P NN R RSN LA
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then increased essentially instantaneously, and with this increase,
the microcrack density ahead of the crack tip would gradually increase
with time, accompanied by crack tip blunting at the formerly sharp
crack tip. Again, a critical density of microcracks {or crack tip
strain) is reached and crack extension occurs by microcrack
coalescence as before. Evidence of this process is seen in the
post-mortem fractographic examination as relatively flat regions of
crack extension, separated by the small 1ips which probably arise from
crack tip blunting, preceding the next crack extension (Fig. 4). This
appearance is typical over the whole fracture surface, indicating that
the phenomena observed at the surface is typical of the bulk fracture
benavior.

If crack extension does indeed occur by microcrack coalescence,
then the relatively flat regions between lips seen in Figure 4(a) and
(b) should be found on examination at higher magnification to be
composed of many small facets with ledges between them. This is
exactly what is observed at 10,000X magnification, as shown in Figure
4(c). It is worth noting that even at this very high magnification
that the individual facets do not seem to have fractured by a brittle
cleavage. The surface is relatively textured, with cavitation
presumably at the rubber particle additions, which suggests that the
microcracking is a result of heterogeneous nucleation and growth by
processes which require some local deformation. Thus, the
microcracking may be a result of heterogeneities in the resin which
faci]itaté crack nucleation and growth.

If the microcracks were just a result of coating cracking, the

explanation would stil) be much the same except that the microcracking
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would correspond to some threshold level of resin strain with the
microcrack coalescence corresponding to some critical strain to
failure in the resin. Thus, though we believe that the microcracks
are in the resin rather than in the coating, the inference concerning
the size of the deformation/damage zone ahead of the crack tip can be
made equally well in either case. It should also be noted that
microcracking and deformation have the same beneficial effect of
redistributing the load away from the crack tip and lowering the lccal
stresses at the crack tip. Thus, from a physical point of view,
either process enhances toughness.

In-situ delamination studies on T6T145/F185 composite show that
the resin microcracks quite extensively in the vicinity of the crack
tip. The microcracking extends from the interlaminar region ana into
the ply about 50 um above and below the crack {Fig. 5). Here, as in
the resin, the crack propagates by microcrack coalescence and in the
same discontinuous manner. At each stage, however, the crack tip
blunting is apparently less than in the F185 resin and the
discontinuous extension varies from 40-100 um. The coalescence of
microcracks occurs predominantly at the fibre resin interface. Thus
it appears that the presence of the fibres prevents the development of
the full resin toughness from being realized due to premature
microcrack coalesence at the fibre resin interface.

The presence of the rigid fibres also restricts the height above
and below the delamination plane ov.: which deformation and
microcracking occurs ( 100 um in the composite, compared to 130 um in

the resin). However, the region of microcracking ahead of the crack
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tip is actually increased from 25 :m in the resin to about 50 wm in
® the composite.

The fracture surface of the delaminated specimens showed evidence

of cavitation, voiding and microcracking(Fig. 6). The resin region of

|‘-‘hl§
"y
o the composite delamination fracture surface shows more coarse L
):"-.
cavitation than in the neat F185 resin fracture surface, where voids .
were relatively fine and more homogeneously dispersed. Furthermore, B
e N
W e

[ the voids seem to be more dense in the resin adjacent to the fibres
(Fig. 6{(a),(b). The fibre resin interface probably provides
heterogeneous nucleation sites for precipitation of the CTBN and
- facilitates the growth of larger particles. Microcrack coalescence at
the fibre resin interfzce resulis in the nighly scalloped features

noticeable in Figure 6(b).

@
A Model to Predict Delamination Toughness from Neat Resin Toughness
A first order estimate of the delamination fracture toughness may
@ be obtained by assuming that the delamination fracture process is
essentially the same as the fracture process in the neat resin, except
that the fibres act as a rigid filler, reducing the volume of resin
L3 available to deform in the crack tip region. It has previously been
suggested by Bradley and Cohen (8) that the energy dissipation per
unit area of crack extension may be calculated by picturing a small
e tensile specimen ahead of the crack tip which is slowly stretched as
the crack tip approaches and finally breaks as the crack tip
passses(Fig. 7). The energy absorbed per unit area of crack extension
L V) would be calculated for such a model by summing the energy abosrbed
per unit volume of material over the volume of the hypothetical
o
T T O B R B N N B N RN R
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tensile specimen. Such a summation may be written mathematically as

follows:

h e..

1]
S ff 715 Yy (@

. -h 0

where G is the fracture tougnness cof the material !
2h is the height of the hypothetical tensile bar
933 is a component of the stress tensor

The addition of fibers to the neat resin can perturb the energy

calculation in Equation 2 in several ways. First, the extent of the

deformation zone might be changed (i.e., the height of our 4-:‘:.‘:;
hypothetical tensile specimen), changing the value of h in Equation 2. .E-."j_'
Second, rigid filler would further reduce the effective gage length of Lx'\j
material capable of deforming in our hypothetical tensile specimen. :{ﬁé
Third, fibre constraint and or debonding could change the local strain E?;;-c
to fracture. These three factors could potentially account for the 6::‘-:
decrease in fracture toughness from 8100d/m2 in the F185 resin to ‘_::\
1900J/m2 in the composite delamination fracture toughness. The first ’\:’E

A

two of these three factors can be quantified based on actual
observations. If one assumes that microcracking begins for strains
above a thresnold strain, then the extent of the microcracked zone can
be used to quantify the magnitude of the h in Equation 2.

A cross-section of the composite prepared metallographically to

reveal the microstructure {Figure 8) may be used to determine the

1.
v
v

volume fraction of fibres in the hypothetical tensile specimen ahead

O
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'
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of the crack tip. Since the volume fraction is quite nonuniform, the
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microstructure was divided into three regions: the resin rich region
between plies with a fibre volume fraction of 19%; the ply region with
a volume fraction of fibres of 76% and a transition zone with a volume
fraction of approximately 33%. The relative heights of these three
regions are shown in the schematic in Figure 8, along with the height
of the microcracked zone in the F185 resin. Using a simple rule of
mixtures approach, and taking account of the smaller microcracked (and

deformed) zone, one may estimate the delamination fracture toughness

to be LIOOO.J/m2 as shown below:

A B

hA (1-v f) + hB (1-y

This calculation implicitly assumes that the local strain to fracture
in the F185 resin and the composite are the same and that the stress
distribution is also similar, at least on the average.

Since the measured value of delamination fracture toughness in
this system is 1900 J/m2 , the estimated value of 4000J/m2 is seen to
be quite excessive. It also strongly suggests what the in-situ
fractograph has already indicated; namely, that preferential

microcrack nucleation at the fibre/resin interface leads to premature

failure, preventing the realization of 4000J/m2 that might otherwise

be possible. This suggests that more attention to the interphase
region is required if a greater fraction of the intrinsic toughness of
the neat resin is to be manifested in delamination fracture toughness

of the fibre reinforced composite material.
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SUMMARY

The delamination fracture toughness of the T6T145/F185 composite
is 1900 J/m2 whereas the fracture toughness of the neat F185 resin
is 8100 J/nf.

Microcracking in the resin appears to be a significant deformation

mode for load redistribution at the crack tip.

3. Crack progagation occurs in a discontinuous manner through micro-
crack coalescence anead of the crack tip.

P 4. 1In the composite, the microcracking is coarser and coalescence
seems to occur preferentially at the resin-fibre interface.

5. The height of the deformation zone, above and below the plane of
crack propagation, is greater in the resin than in the composite.

6. Comparison of the relative heights of the damage zone yielded 4000
d/m2 as a calculated delamination GIC for the composite, which is
an over-estimation by a factor of two.

7. It may be inferred that the strain to failure in the composite is
lowered, probably due to premature microcrack coalescence at the
resin fibre interface.
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List of Nomenclature

iJ

Ic

"o
hA,hB,hc

iJ

Width of double cantilever beam specimen
Elastic modulus in the fibre direction

F_.ture strain for strain component
Delamination fracture toughness under Mode 1 loading
Height of damage 2one above the plane of crack propagation
(2n = total height)

Same as above for resin

Same as above for the composite in regions of differing
fibre volume fraction

Moment of inertia of one half of the DCB specimen
Resin fracture toughness under Mode I loading

Crack length {(equivalent beam length for linear Deam
analysis)

Component to stress tensor representing stress in
hypothetical tensile bar (see Fig. 7)

Load applied to split laminate
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FIGURES

1. lLoad-displacement record for 1T compact tension specimen of F185
resin showing considerable non-linearity.

2. Microcracking ahead of the crack tip in F185 resin showing crack
growth sequence under a constant applied displacement.

(a) 1500x. Shape of the damage zone. Arrow markers correspond
to regions similarly marked in Figure 2{e).

(b) 3000x. Detail of crack tip. Arrow markers here correspond to
similarly marked regions in Figures 2(c) and 2(d).

(c) 900x. Crack propagation through microcrack coalescence to
form a very sharp narrow crack.

(d) 5000x. Crack extension of about 22 m. New crack tip is very
sharp.

(e) 1000x. Blunting of new crack tip with development of damage
zone ahead of the tip. Total crack growth in the saquence is
about 140 m (compare with Figure 2(a)).

3. Microcracking ahead of the crack tip in AS4/3502 at 3000x.

(a) coated prior to loading

(b} coated after loading

4. Fracture surface of F185 resin. Crack growth is from left to
right.

(a) 330x. Away from the free surface. Arrows indicate a lip
formed by crack tip blunting after a growth sequence.

(b) 330x. Just adjacent to the free surface.

(c) 10,000x. Detail of a relatively flat region in (a).
cavitation due to phase separated CTBN. Facets separated
by ledges probably correspond to microcrack coalescence.

5. 1000x. In situ delamination of T6T145/F185 composite showing
microcracking in the damage zone ahead of the crack tip.
Note microcracking is more dense adjacent to the fibres.
Preferential microcrack coalescence near the resin fibre
interface where the micorcracks are inclined to the primary
crack.

6. Fracture surface of T6T145/F185 composite.

(a) 3000x. Higher density of cavitation adjacent to fibres.

(b) 4500x. Scalloped appearance of resin between fibres from
coalescence of inclined microcracks near resin-fibre
interface.

(c) 10,000x. Voiaing adjacent to solid pre-reacted rubber
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particles. Comparison with Figure 3 (c) shows that the
cavitation due to phase separated CTBN is much coarser here
than in the neat F185 resin.

7. Schematic of hypothetical tensile bar ahead of the crack tip with

the strain distribution accross it.

8. 600x. Cross section of T6T145/F185 showing interlaminar resin rich

region.

9. Schematic showing relative height of damage zone in F185 resin and

T6T145/F185 composite.
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INTRODUCTION

The first generation of high performance graphite/epoxy
composite materials were made with resins developed to maximize
stiffness and glass transition., However, composites made from
these resins have been found to be susceptible to delamination
fracture which adversely effects compressive strength (especially
post 1impact compressive strength) and fatigue resistance. Thus,
there has been an effort in recent years to develop new resin
systems that would have enhanced resistance to delamination with
a minimum penalty in stiffness and glass transition. As work has
proceded in this area, it has become apparent that large in-
creases in resin toughness result in proportionately much smaller
increases in composite delamination toughness[1]. Furthermore,
the relationship between resin toughness and mode Il delamination
fracture toughness has only recently began to be studied, The
purpose of this investigation has been to better define the
relationship between increasing resin toughness and the resultant
delamination toughness for both Mode I and Mode Il loading.

EXPERIMENTAL PROGRAM

Five resin systems have been selected for study in this
program: (1) Hercules 3502 (highly crosslinked epoxy); (2) Hexcel
F155 (moderate crosslink density-epoxy equivalent weight of 280-
with 6% rubber particle additions); (3) Hexcel F155 without the
rubber particle additions; (4) Hexcel F185 (low crosslink den-
sity-epoxy equivalent weight of 410-with 14% second phase rubber
particles); and (5) Hexcel F185 without rubber particles. Note
the two main variables in the resins systems selected for this
study are crosslink density and rubber particle additions. The
rubber particle additions relax triaxial tensile stresses at the
crack tip by cavitation, allowing a larger shear stress to deve-
lop at the crack tip. The lower crosslink density provides more
degrees of freedom for shear deformation.

‘ The neat resin mechanical properties which potentially
mlghp correlate with delamination fracture toughness include
tenglle strain to failure, loss modulus G" or tan delta, and neat
resin critical energy release rate Gic- These neat resin
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properties have been measured for each of the resins along with
the tensile strain to failure for transverse fracture of
unidirectional Tlaminates loaded perpendicular to the fiber
direction. These results have been correlated with delamination
fracture toughness measures made for pure mode I and pure mode I
loading conditions of split laminates. The delamination fracture
toughness measurements have been made on unidirectional laminates
fabricated from prepreg containing graphite fibers and the
respective resin systems. Standard symmetrically loaded split
laminate testing has been used to measure Gy while
asymmetrically loaded split laminates have been used to determine
Grre [2]. To measure Gypje using an asymmetrically loaded split
taminate the uncrackeé end of the split laminate is supported
while both arms of the split laminate are loaded equally in the
same direction,

The neat resin fracture toughness was determined using
compact tension specimens. The more ductile systems were fatigue
precracked prior to testing. The more brittle systems were
tested by introducing a crack with a razor blade. Values from
the literature were used for F155 [3] and 3502 [4]. Because of
the large degree of nonlinearity in the load-displacement record
for the F18%, a J-integral analysis was used for this specimen.
The Jj. value determined for the F185 was somewhat larger than
previously reported results [5] which presumably used a linear
elastic analysis.

Scanning electron microscopy has been used to determine the
micromechanistic fracture physics of the delamination process.
This has been done using a combination of direct, real-time
observation of the fracture process in the scanning electron
microscope and post-morten fractographic examination of specimens
after failure., Careful sample preparation using standard metal-
lurgical techniques is necessary if one is to see the details of
the fracture process as it occurs. Metallographic polishing of
the edge of the specimen where the fracture process is to be
observed allows one to clearly see the graphite fibers and the
matrix and to note the interaction of the fracture process with
each of these microstructural constituents.

EXPERIMENTAL RESULTS

The experimental results are summarized in Table I. Some of
the results from Table I are also presented graphically in Figs.
1-3 to facilitate analysis. Figs. 1 and 2 show the expected
monotonic increase in fracture toughness with strain to failure
and tan deita. However, a sharp increase in the neat resin
fracture toughness is noted at higher values of strain and tan
delta without a commensurate increase in delamination fracture
toughness for either mode I or mode Il loading. This is also
evidenced by a sharp break in the plot of delamination Gy. and
Gipc¢ versus neat resin Gy, in Fig. 3. Such a break has
previously been noted by unston [1] with a qualitative
prediction for such behavior suggested by Bradley and Cohen [6].
It is also interesting to note in Fig. 3 that the ratio of G lc
to Gy is approximately 320 for the less ductile resins (neat
resin Gy;. less than 500J/m%) but falls to a value only slightly
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: yreater than 1.0 for the very ductile F185 resin system.
) Post-mortem fractographic results are presented in Figure 4,
' A crack tip damage zone develops in each of the systems. The
r. size of this damage zone, which consists of microcracking and
i fiber debonding, can be readily measured during in-situ observa-
! tion of the fracture process. It has been suggested that the
microcracking is principally in the gold-palladium film sputter
coated onto the surface to minimize charging[7]. Recent results
by the authors to be published elsewhere have clearly shown that
® this is not the case, though if it were, one could still inter-
pret the microcracked zone as indicating the size of the zone
ahead of the crack tip over which a critical threshold strain
had been achieved. The size of the damage zone for mode I delam-

-

ination fracture is summarized in Table 2 along with the corres- RDANCS

ponding delamination fracture toughness G;.. A good general S
@ correlation between delamination fracture toughness and damage

zone size is noted except for F18% NR.

DISCUSSION

The observed increases in mode I and mode II delamination

C fracture toughness with increasing neat resin strain to failure

(or tan delta) is consistent with what one might intuitively SN

expect. Two observations which need further explanation, e

however, are the large ratio of Gyj. to Gyc for the less ductile
resin systems and the poor incremental i1ncrease in mode [ and
mode Il fracture toughness with increasing neat resin toughness
° above neat resin toughness of 1000 J/mé,

' The delamination fracture process for mode I loading of
composite consists of crack growth through the resin rich region
between plies with occasional interfacial debonding facilitating
the fracture process. For mode Il loading of a composite made
with a brittle resin, the details of the fracture process are
o quite different. First, the fracture process becomes much more
discontinuous. A series of brittle microcracks form ahead of the
crack tip and macrocrack advance occurs by the coalescence of
these microcracks. This considerable increases the fracture
surface created during fracture and represents a much more
torturous path of crack advance than is observed for mode I
fracture (see Figs. 4). Thus, the material resistance to mode II
fracture is much greater than the material resistance to mode I
fracture for delamination of a composite made with a brittle
epoxy. For a composite made with a ductile resin, the fracture
process for mode I and mode Il delamination fracture is very
similar as can be seen in Fig. 4 where the fracture surfaces are
seen to be quite similar in surface roughness. Thus, the mode I1I
and mode I delamination energies are essentially the same,

The much reduced rate of increase in delamination fracture
toughness per increment of increase in neat resin toughness (see
Fig. 3 and note break in curve) for tougher resin systems is
believed to be associated with the deformation/damage zone

A S
' .‘.:‘I 4,

LRSS LGS
i
1.3

e increasing to a size that is no longer contained in the resin ARG
rich region between plies. Thus, the energy d1ssypat1on and/or {Q;y}
crack tip bluntinyg that would otherwise take place s hampered by ;?xé}
the presence of the fibers which act as rigid filler in tne fﬂ?g.
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deformation/damaye zone. Considerable support for this idea is
seen in the data in Table II for F155 with varying fiber volume
fraction. The different fiber volume fractions were achieved by
using two different prepregs and making a laminate with and a .
second laminate without bleeding during processing. The differ- 5§'~
ence in fiber volume fraction has been determined by metallo- _
graphic examination to be manifest in a doubling in the thickness i
of the resin rich region between plies. Thus, the
deformation/damage zone can be much larger before the constraint
» of the adjacent fibers becomes important. Doubling the thickness
of this resin rich region between plies in the F155 effectively
doubled the mode I delamination fracture toughness. Chakachery
and Bradley have recently shown that the low ratio of mode I
delamination to mode I neat resin fracture in F1385 can be ex-
plained by the deformation/damage zone extending several fiber
e %iameters above and below the resin rich region between plies
8].

A second important consideration in the full utilization of
intrinsic toughness of more ductile resins is that these systems
requires a better interface so that the resin can be straijined to
failure before interfacial failure occurs. It is worth noting
that the greatest degree of fiber bridging occurred in the F185
composite.
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The important conclusions of this work may be summarized as

® follows:

1. Increasing resin ductility increases delamination
fracture toughness, but the rate of increases drops off sharply
for resins with fracture toughness in excess of IOOUJ/mZ.

2. The fracture toughness for mode Il delamination is much
greater than for mode I delamination because the fracture process -~

® is significantly altered. For tougher resin systems, the
fracture process for mode I and mode II delamination are more
similar and the critical energy release rates are similar as N
well, . -
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€ transverse e, utTs G’ [ tin o .. e e
Resin (%) for composites (MPa) (GPa) (GPa) delta (M) LY (3R
3502 ) .05 70 139 570 »"
FIS5NR  1.96 .699 56.5 1.80 .0180 .0103 335 1660 g
F155 3.10 .580 68.6 1.70 .0400 .0223 730 520 1270 :;
F185NR  3.24 .538 72.9 1.80 .0329 .018 460 455 1050 N
~
F18% 8.87 8.58 46.4 1.40 .0490 .03s 8000 2205 2440 b
Table 1. Summary of mechanical properties determined for resin and composites. .‘: -"._:_.'\-‘
~le
. ') e g S
L
LAY
f-.':' .1'.:.\
. s
Composite Fiber Size of Damage lone Gk St
System Oensity ahead avove/below SN
(vol.3) of crack crack '\.'
(s m) (um) (J/m)
AS4/3502 76.4 20 5 190
£155 NR 20 7 135
T6T145/F155 59.6 30 20 1015
T6T145/F155 70.5 20 10 615
T6T145/F155 68.8 20 10 520
F185 NR 75 35 455
F185 200 ki 2205

Table ! DNeformation/Damage zone sizes for composites; determined from in-situ fracture
observations for mode [ delamination fracture.
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Delamination Analysis of Composites wiEh
Distributed Damage using a J integral

R.A. Schapery
W.M. Jordan
D.P. Goetz

ABSTRACT

The J integral theory for fracture analysis of materials with
distributed damage is discussed and then specialized to a form that is
useful for analyzing opening-mode delamination crack growth. Tests on
double-cantilevered beam specimens of two different graphite/epoxy material
systems and three different layups are described and then analyzed.

1. Introduction

Fiber-reinforced plastic laminates may sustain an appreciable amount
of microcracking and otner types of damage before global structural failure
occurs. In order to characterize the resistance to delamination and to
predict delamination when there is globally distributed damage such as
microcracking, it may be necessary to account for the nonlinear inelastic
behavior produced by this distributed damage. In this Section we briefly
give some background on the J integral. The theory is then specialized in
Section 2 to opening-mode Jdelamination of double-cantilevered beams (DCB)
and illustrated in Section 3 using experimenta! data from tests of two
different graphitz/epoxy laminates.

A two-dimensional version of the J integral was introduced by Rice
{1], and was shown to ba especially useful in nonlinear elastic fracture
mechanics. Its primary usefulness comes from its patn independence and its
relationship to the crack tip stress field and work input to the crack tip
Numerous generalizations (including extension to three-dimensions and large
strains) and applications have since appeared, such as discussed in a
recent book by Kanninen and Popelar [2]. Except for steady-state
conditions [3], the properties of the J integral are usually considered to
depend on the existence of strain energy potential&ﬁﬁd(eij), where

Sij = BN/Beij (1)

in which s;; and e;4 are components of the stress and strain tensors.

Schapery exgended tge J integral to nonlinear viscoelastic materials (4]
and further showed that important characteristics of the J integral carry
over to other types of inelasticity, including that due to distributed

*Preparad for International Symposium on Composits Materials and
Structures, Beljing,China, June 1986.

RA.S. and D.P.G., Professor, Civil and Aerospace Engineering and
Graduate Research Assistant, Mecnanical Engineering, respectively, Texas
A&M University, College Station, TX 77843. W.M.J., Assistant Professor,
Mechanical Engineering, Louisiana Tech University, Ruston, Louisiana 71272
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microcracking and other types of damage [4,5). These generalizations
deperd on the existence of a potential which is analogous to strain energy,
Eq. (1), but which may be multivalued. Figure 1 illustrates such a
potential for uniaxial stressing. The net work input to the sample at any
time in the loading or unloading history is the so-called work-potential,

e
W EE./ﬁ sde (2)

In general, s and wc;re multivalued functions of e since they depend on
whether s is the loading or on the unloading curve. Arguments for the
existence of multivalued work potentials in three dimensions which satisfy
Eq. (1) were given by Schapery [4,5].

Here we shall assume a work potential exists and use it in a J
integral to analyze delamination fracture. For the materials and
conditions studied experimentally viscoelastic effects were very small, and
these effects are therefore neglected in the theory.

2. J Integral for the DCB Specimen

Figure 2 shows a DCB specimen. In the cases studied here, the beam is
a laminate, and applied force F causes the crack to propagate in a plane
parallel to the plane of lamination (which is perpendicular to the plane of
the page). We assume a' is long enough for the legs to be in plane stress
over a significant portion of their length.

The J integral for the DCB specimen is

Sul au2

where @ is the work-potential per unit volume, Ty and T, are tractions
along C, Fig. 3, and u; and u, are displacements; the indices indicata
components 1in X, and x, directions. This equation 1s valid for liarge
strains and rotations as long as we interpret x, and X, to be coordinates
of the undeformed geometry. The integration is counterclockwise along the
curve C 1n Fig. 3, which includes top and bottom beam surfaces and vertical
sagments. The right vertical segment is tz,2n far enough from the crack
tip that the material is unstressed, and thus gives no contripution,
Assuming small strains and that the left segment is close enough to the
crack tip that we can use small rotation beam theory (but far enougn to the
left of the tip for plane stress conditions to apply) yi=lds,

M du
< 2 NaMmr - F 2
J = 5 ‘/f k(M')dM 2 5 a;; (4)
whera M and du /%x are the moment and slope, respectivelyiat the left
vertical segment; B is the beam width. Integrate k = dy /dx4 to the tip
(assuming plane stress) to obtain the slope, use dM = Fdxl and Eq. (4)
raduces to M
2

a
J = B f kM) dM (5)
(@]

where M, is the crack tip moment; this is the same result derived by Rice
[1} for a split beam under pure end moments M., It is seen that the rasult
1s independent of the location of the left integration segment and, in
fact, 1s that in EG. (4) when tne segment is locatad at the crack tip
(where du /dxy = 0). It should be mentioned, however, to obtain this pat

independence (il.e. derive Eq. (5) from (4)) it was necessaty to assume if
K(M) is multivalued (similar to the s-e curve in Fig. 1) that the unloading
curve is the same for all left vertical segments used. This latter
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] condition will be met for all material (to the left of the current tip)
| which had experienced the same maximum moment when the crack tip passed by.
Inasmuch as the experimental results discussed later indicate the maximum
moment is constant (and recognizing that the moment decays with distance
from the tip) this condition is met all of the way to the location of the
initial crack tip. To the left of the initial tip the maximum moment is
less than M_, and one finds J depends on the location of the left segment.
This path dependence in beam theory is fully consistent with that predicted
from the exact J integral for a continuum with variable damage in the
regions of unloading [4].
Strictly speaking one should consider the effect of the three-
dimensional state of stress around the crack tip in developing the J
integral for the DCB specimen. If indeed one does this starting with the
theory in [4], one still arrives at Eq. (5) if the maximum amount of damage
is essentially that defined by the beam theory and the slope is adequately
‘ predicted by plane stress theory. Weatherby (6] studied this problem using
the finite element method for two dimensional deformation of a highly
inelastic isotropic beam and found that Eq. (5) is an excellent
approximation.

Finally, we observe that for a delamination propagating at a constant
tip moment in a long laminate which is homogeneous in the x¢ direction 1in
its initial state, the state of stress and strain in the neighbornood of
the tip is constant in time if effects of shear force changes are
neglected. This is a type of "self-similar" growth and therefore J is the
work input to the crack tip [4] (per unit of new area projected onto the
delamination plane).

3. Experimental Study of DCB Specimens

Materials and Test Procedure: Two commercially available graphite/
2POXYy composites were tested: T6T145/F155 (Hexcel Corporacion) and
AS4/3502 (Hercules, Incorporated). The epoxy 1in the former system 1s
toughened witn 6 vol. % rubber particles. Several layups were tested as
reported by Jordan [7]. Herz we report on four different layups with some
of the data cominyg from {7], but most data are from more recent tests.

Prepreqg was used to make plates which were cured in the Texas aAaM
University alr-cavity press using the manufactur=ar's recommended
temperature cycle. A thin 3.5 cm wide t=flon strip was inserted in the
midplane along one edge of each plate during the layup step in order to
provide a 3.5 cm long starter crack in the beams cut from the plates; each
beam was approximately 2.5 cm wide by 30 cm long. Those layups with off-
axis fiber orientations are listed in Table 1. Besides these laminates,
unidirectional beams with 0° fiber orientation (fibers parallel to the beam
axis) for both systems were tested.

Table 1
Laminates with Otf-axis Fibers
Laminate Material Layup
Designation System (fiber orientations)
A T6T145/F155 [*45/0(8) /F45(2) /0(8) / #45] (24 plies)
B T6T145/F155 [*45/F45(2) /¥45(2) ¥45(2) / #45) (16 plies)
C AS4/3502 {245/0(4) /¥45(2) /0(4) *45] (16 plies)

In all three cases, tne delamination crack was in the middle plane of
the beam, between a +45 and -45 ply. For A and C layups the beam legs
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above and below the delamination are balanced and syammetric in the
undamaged state. These designs were used to minimize twist and bending-
stretching coupling to simplify specimen analysis in this exploratory
investigation.

At least two samples of each laminate were delaminated in stroke
control in a servohydraulic test machine., The test was stopped several
times and the beam unloaded to measure the moment arm to the crack tip
(loaded state) and length of the delamination (unloaded state), and to
determine the force-displacement curve with loading and unloading for use
in an energy-based data analysis method.

Additional tests were conducted on single cantilevered beams to obtain
the moment-curvature relationship for use in the J integral analysis.
These beams were made with fiber orientations corresponding to the layup
above the middle surface in the beams used for delamination tests., Strain
gages were mounted above and below the beam near the clamped end in order
to determine the curvature k from the equation k = Ae/t where Ae is the
difference in strain readings on the top and bottom surfaces and t is the
beam thickness. The beam support at the clamped end was mounted on
bearings to provide free axial movement, In these tests and the
delamination tests, the external load was applied vertically through
bear ing-supported pins.

Discussion of .Results: Figures 4 and 5 show the force-displacement
diagram for two layups in Table L Figure 6 shows results from one of the
cantilevered beam tests used to obtain the moment-curvature relationship;
specimen type B exhibited the most hysteresis, The maximum moment is the
crack-tip value determined from the delamination test. According to Eq.
(5), J is the area to the left of the loading curve multiplied by 2/B.
Table 2 summarizes the results. Two numbers are given in most cases, <ach
coming from different specimens,

Table 2
Summary of Results on Fracture Toughness
(in J/m2)
Laminate Je Js G G.
Designation (Eq. (5)) (Eg. (5)) (area) (stiffness [8}])
A 615/510 - 601/557 588
B 522 - 725/725 1333
C 538/525 389/380 440/434 383 (arrest value)

The values in the column in Table 2 labeled G- (area) were obtained by
determining the area between successive loading-crack growth-unloading
curves (as in Figs 4 and 5). Assuming the specimens are linearly or
nonlinearly elastic, this area divided by the new crack surface area is the
G. value required for propagation. The last column is based on the method
described by Devitt el al. ([8]. It uses load-deflection-crack length data
to obtain G.; it is based on the assumptions of linear elastic behavior and
no midplane strain, but it allows for large rotations. (The beam rotation
at the load-point was as high as 40" in layup C; oniy for layup A was the
geometric nonlinearity negligible.) It should be added that all three
methods used to develop the values in Table 2 allow for geometric
nonlinearities. Material nonlinearities and midplane strains (due here to
nonlinearity) are not neglectzd in the metnods used except for that in [8].

For the specimen type C, delamination occurred usually in distinct
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steps, as illustrated in Fig. 5. When growth initiated there was a
significant and sudden jump in crack length; the loads used in data
analysis at each pair of initiation and arrest points are connected by
dashed lines. The corresponding moments were used with moment-curvature
results to predict J. (initiation) and J, (arrest) values. Specimen types
A and B delaminated quite smoothly in most cases.

The moment at which propagation occurred was essentially constant for
each specimen with the variation being no larger than 5% from the average,
Once or twice during the delamination test of most beams an exceptionally
high or small moment was obtained, but these values were not used in
calculating the averages in Table 2, (These unusual values did not
necessarily occur at either the shortest or longest cracks.) The arrest
moment in specimen type C exhibited scatter similar to that for initiation
moments.

It is of interest to compare the fracture toughness values in Table 2
with those for the same systems but with all 0° fiber angles. Jordan found
that for the Hexcel system G, varied from 40Q to 650 J/m2 and for the
Hercules system G, varied from 180 to 200 J/m“ The former values are
consistent with the J. values in Table 2 (specimen types A and B), whereas
the latter values are less than one-half those reported in Table 2
(specimen type C). These low values are consistent with observation of
fracture surface roughness, in that the surface of the O fiber specimen
was very smooth, whereas many microcracks running parallel to fibers could
be seen on C type specimens,

The B specimens do not have any 0° fibers, and therefore the effect of
distributed damage in the legs should be the largest. It is believed the
high G, values reported for this layup using the deflection-based methods,
compared to Jer reflect this fact. For example, the area method gives a
G, which includes the work of both distributed damiage and delamination
4. Conclusions

A relatively simple expression, Eq. (5), was developed for determining
the J integral. Only the work of bending was considered for the beam near
the delamination tip; nowever, the analysis could be readily generalized to
allow for shear and axial deformation work when appropriate. The
preliminary assessment of the approach using double-cantilevered beam
specimens is very encouraging. As predicted by the theory, it was found
that the delamination propagated at essentially a constant crack-tip
moment, Also, for one material system it yielded fracture toughness values
which are essentially the same for three different layups. In contrast,
the other deflection-based methods typically yielded higher toughness
values when distributed damage was significant.
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Abstract

A combinaticon of macroscopic delamination fracture toughness, 5
time fracture cbservations, and post-tractuwres morphology, weres

study the micromechanical processes of delamination faillure in

graphite/eposy systems.

b=

Strain energy release rate Gic, G6llc and @i
obtained from unidirsctional double
Comparisons of these energy rele z

TE I T wer
B L MBS,

ulrinmg +r

surface morphalogy are used to clarity the relative itmportance o

formaticn of hackles and the fibsr matris interface adhesion tg
delaminaticn toughness under meode I, mede I1, arnd mised mode 7
loading conditions.

Feal-time fracture chesmrvations of compesite delamination 1n th
scanning electron microscope revealed the miorc-procescses Of

microcrack formaticn and coale I8 6 Thise
with Gle for the nzat material, determined from compact tens:on

specimens, provide insight on how recin toughness can be trans Lo

into composite delamination toughnes.

The implicaticons of hackls formation
arnalysis of graphite/epoiy systems are

cheervatilons coust e

ture Toughness
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CORRELATIONS BETWEEN MICROMECHANICAL FAILURE FROCESSES

AND THE DELAMINATION TOUGHNESS OF GRAPHITE/EPOXY SYSTEMS

by
Michael F. Hibbs and Walter L. Bradley
Texas AWM University

College Statiomn, Texas 778473

INTRODUCTION

Becauwse of their very high strength to weight and stiffness tco

weight ratios, graphite/epoxy composite materials are now used in a

wide variety of agrospace, automotive, and sporting goods
applications. The first gerneration resins developed for uwse in

graphite/epory systems optimized stiffrness amd high glass transition
temperatures (Tg) 3y uwsing & very high crosslink density.

Unfortunately, =such resinse are quite brittle. Recent developmente
have centered on how to increase resin  toughness with a minimum
pernalty in stiffness and Tg. (s tougher resins have been developed,
it bhas been shown [1] that increased resin toughness deoes not lead to
a commensurate improvemenrt 1in composite  toughness. Three peocusible
reasons for this are (15 premature fdilure dus to wealk resin/¥fiber

adhesion, (2 fibere providing conebtraint  which  changes the local

]
-

state’ of ctress and limits the ductility of and ()

fibers acting as rigid Fillerse and there by reducing the voluwse of

material avalilable for detormation in the vield zome around the cracl
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In the case of delamination of a graphitesepocsy compocsite,
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the fracture surface is characterized by the amount of fiber pullcut,

intertacial debonding, and the externt of the resin deformation or
microcracking. 0One of the most common fractographic featurze that
results from microcracking eof the resin are "hackles’'. These hackles
appear as laceraticns or scallops in the resin that form regular saw
tooth or wave like patterns. Several attempts have been made to

relate the orientation of the hackles to the directicn of crack
propagation  E[£3]. Results to be presented in this paper clearly show
that the hackles slant in copposite directions on the top and bottom
surfaces of the crack face, making it impossible to infer crack growth
direction from the hackle slant alone.

To develop an accurate interpretation of fractographic results

cbserved on delaminated componente, a syvetematic experimentzsl procgram

of delamination fracture of composite coupons with varving percentages
of mode I  and mode II loading is needed. This paper summarlizes the

results of such a study in which the effects of state of stres

u

, resi1

[

3
e
) 5

ductility, and resin/fiber adhesive strength have been correlated with thﬁta
‘:'-f',-f, u'\
] . . . . i DA
resulting fracture csurface characteristics. In particular, the e
h

formation of hackles and their potential use as a reliable predictor
of crack growth direction has been studied. The fractographic

information haz been collected uvelng scanning electromn microsccope

(SEMD observations ot the delam ndatior fracture surfaces of
urnidirectiornal split laminate specimens (DCRY . These split laminate
specimens  have been {ractured  andor mode 1, oode IT, and mixed aode
I%11 loading conditions. To clarity the interpretation of  the

post-mortem froctongraplsy, ir-s1te GEM cboervations  of delaminat:on

e e . . .
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fracture of small @ DCR  specimens loaded 1in mode 1  and mode 11

conditions have been made.

EXPERIMENTAL METHODS AND MATERIALS

RESIN AMND COMFOSITE SYSTEMS

The four graphite/epoxy composites used in this stody were
comprised of Hercules AS4 graphite fibers combinsd with resins having
both different degrees of toughness and interfacial bording strength.

The brittle Hercules resin I501-6 was used with fibers that were

unsized. The composite systems AS54/Dow-Fb& and A3534/Dow—-+F7  were
comprised of a somewhat more ductile Movelac epoxy resin with si1zed

tibers to increase the interfacial bonding. The AS4/Dow-F7 resin was
modified with rubber particles to increase resin toughness along with
another second phase additive to enhance intertfacial adhesion. The
fourth system A54/Dow-R6 neSEs & much tougher croeslinbable
thermoplastic epoxy with sired fibers. Unidirectional 14 ply laminate
panels were made from the prepreg of these systems provided by Dow
Chemical. A teflon strip 0.03mm in thickness was inserted along one
edge of the panel between the mid-plies to provide a starter crack.

The panels were then cured in an  auloclave press at Texas ALM
University using the temperatire/pressure/time cycle specifisd by Dow

Chemical for each sysiem.

FRACTURE TOUGHRESS

Relamination Fracture toughness measwements for opening mode

.

Gz}, shear mode (Grre), and mixed mode wore made by using
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25 cm. by 2.5 cm. double cantilever beam specimens (DCH), as shown in
Figure 1. These specimens were tested uwsing a MTS system at room

temperature (24 ) in stroke control at a rate of 008B% cm/sec.

A partial unloading compliance measwement was made after each
approximate 1 cm. of crack growth. Stroke, displacement and load were
recorded continuously as a function of time, while crack length was
measured discretely using visual measuremsnte on  the edge of the

Specimen.

AMALYSIS OF FRACTURE TOUGHMESS

A complete description of the analytical proceedures used for
calculating the composite mode I, mixed mode, and mode 11 erergy
release rates for these systems can be found in Tse et al. L[47. In
SUMmMary , the mode 1 critical energy release rate Gie was

calculated from the measwed data by three methods, linear beam theory

-

as described by Devitt et al. [51, the change of area under the
load-displacement curve method suggested by Whitmey (61, and the
change 1in compl:i:ance method uwusing an analysis suggested by Wilking
£71. All three methods gave similar results. Thus, an average value
obtained +from these three methods is reported in this paper. For the
mixed mode loadings, the total energy release rate was calculated by
combining the mode I and mode 11 energy release rates, each calcul atsd
assuming linear beam thecry. Because of the large loads and resultinrg
large deflections needed for mode © Il crack propagation, the
requirements neseded for & linear beam theory analyvsis were not met.

Thus,” the mode 11 energy relesse rate was determined by measuring the
area  under the load-displacement curve bounded by the load-crack

stension-unload and  dividing this energy by the increase in crack
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area which occurred: during thise load-unload cycle. It is worth noting

that the area method uwsed for the mode II calculations of Grge

assumes all damage occurs in the crack tip damage rone rather than in
the far field. Thus, it is an upper bound estimate of mode Il energy
release rate which eguals bBize when no significant far field

damage occurs. The fracture toughness of the neat resin material was
determined using compact tension specimens (CT) tested according to
ASTHM-EZ??.,

Because of the relative brittleness of the resin studied,

it was not possible to fatigue-precrack the specimens. Thus, & razor

blade was used to pop in a very sharp crack at room temperature.
FRACTOGRA&FHY
Specimens of suitable size for observation in the SEM wetre
prepared by sectioning the delaminated DCE specimens with a jeweler’'s
saw. Cutting debris on the fractuwed suwrface was minimized by cutting
the samples before the delamination surfaces were separated. Any
loose debris that did cccur was blown away using compresceed air. The
. . - R .
surface was then coated with an approdimately 200 8 thick layer of
gold-palladium to avoid charging and improve imaging . The
photographs were made on tri-X film, on a JEOL JM35-25 Scanning
Electron Microscope at accelerating voltages of 12.3 and 15 Ev.
(- : .
Real-time mode 1 and mode II delamination tests of the
A54/3501-6, AS54/Dow-F7, and AS4/Dow-06 systems wers observed in JEDL
JM5-35  scanning electren micresceope using a JEOL 25-THED ternsile stage.
*
Mode 1 delamination was achieved by pushing & wedge into the
precrucked portion of a small DCD tvpe specimen.  The wedge tip was
sufficiently blunt to insure that the wedge remained well behind the
hs . . . A i
crack tip allowing mode I opening rather than wedge cutting of the
¢
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composite. A three-point bend fixtwe was used to provide the mode [1
loading in an end notch flexwre (ENF) test arrangement [81. For both :n.
loading conditions, the crack propagation was observed by viewing = [}
) b v
polished edge of the specimen in the region of the crack tip. Thece NI
| | N
observations were recorded with video tape and tri-X film. The edge Pﬁ"
fag oY)
l.. > “f
of the specimens to be observed during delamination were carefully 125%*

-
L J
B

polished wusing standard metallographic techniques and coated with a o

200 A layer of gold-palladium.
EXPERIMENTAL RESULTS
FRACTURE TOUGHNESS RESULTS

A summary of the mode I (Gye), mixed mode (Gr,rre),

and mode 11 (Br:ic) composite fracture toughness are presented in

Table 1 a&along with the fracture toughness values for the neat resin RORSLH
NN
. . . . X A A
matearial obtained from the compact terncsion speclmens. The aree
BRCRTN
delamination fracture toughness for mode [ locading was found to he Nl
‘e -
greater than the neat resin for the brittle system AS4/2501-46 and e
. :. _’:.' s
similar to the neat resin fractuwre toughness for the tougher systems UORRNAN
SN
‘l. ‘l- 'h‘
(AS4/Dow-Fé6, AS4/Dow-F7,and A54/Dow-06) . PN
. . 4 . -
For all of the systems of this study an increase in the NG
A
fraction of mode II loading resulted in  an increase in the toctal e
energy release rate for crack growth, with the most dramatic increase NCh
in fracture toughness occcuring in the more brittle systems: namslv, NN
ARG
WA A
ASA/T501-6 and AS4/Dow-Fb. NS
‘.;‘.:__.:\
NN A
VNI
?

e

FRACTUGRAFHIC RESULTS: BRITTLE WD MODERATELY  DUCTILE COMFOSITE
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SYSTEMS (AS4/28501-46, AS4/D0OW~F&, AND AS4/DOW~F7)

Fost-mortem fractography of the delaminated DCB specimens
(Figuwres 2, 3, and 4) indicates that the primary mode I fracture
mechaniem for the AS4/3501-6 and 654/ Dow-Fb6 systems was debonding at
the fiber/resin interface or fractuwre through the interphace region.
High magnificaticn fractographs of these systems clearly reveal the
texture of the fibers indicating at the most & thin sheathing of resin
adhering to the +ibers. The resulting fracture surface was similar to
a flat corrugated roct which has the effect of increasing the surface
area compared to a flat, or planar fractuwre suwface. In the resin
rich regicns between fibers, a smeooth brittle cleavage type fracture
was dhiibited with a limited number of shallow hackles. Ocecasicral
fiber pull out 2nd breakage is alsoc seen. The fracture suwface of the
AS4/Docw-F7 system reveals much more resin deformation and damage with
some resin  adhering toc the fibérs, indicating better interfacial
bonding. The surface also ie highly pock marked. These hcoles
(approximately 1 - 5 microns in diameter) that gives rise to the pot
marked appearence are apparently the result of volatiles trapped
during the fabrication of the laminate panel (see Figure 4b). The
AS4/Dow-F7 system also exhibited areas where large sheets of resin and
fibers were pulled out as the delamination crack jumped back and forth
between adjacent fibers (see Figures 4a).

In all of these systems, qualitative observations indicate the
number of hackles and their angle of oriéntation with reference to the
macroscoplc  fracture plane increased as the percentage of mode I1 or
shear’ loading increased. This increase 1in hackle number and
orientation 1z most conspicucus for mode 11 loading greater than a47%

(e Filgures sy oa&nd 4y, At near pure mode 11 loading, the hackle




are observed to be nearly perpendicular to the plane of the plies, and
their edges sometimes appeared drawn and "tuffed". For the most part,
the orientation or slant of the hackles remaine constant on & girven
fractuwre swface {(i.e., Ffor a given ratio of mode [ to mode I1
loading?). They appear to slant towards the directicn of crack growth
on one fracture surface and in the direction opposite of crack growth
on the matching fracture face (see Figure 5). Comparisons of the mode
I fractography to the mode Il fractography for the two brittle systems
ASA/3S01-6 and AS54/Dow-Fé&  shows  that the amount of resin/fiber
debonding as exhibited by the amount of resin adhering or cocating the
fibers does not seem to be affected by the increase in mode I1 loading
(Figure &). This would seem to indicate that interfacial debonding

for these systems is insencitive to the luading conditions.

FRACTOGRAFHIC RESULTS: DUCTILE RESIN SYSTEM (AS4/D0OW-06)

The Ffracture surfaces of the ductile system AS4/Dow—-05468 were
characterizied by rESLn fracture and detormation, with resin
completely coating the fibers, indicating good fiber/resin adhesion.
Fractography revealed no distinct hackles (Figuwe 7). 0Only at near
pure mode II loading conditions were any even ill defined hackle-like
features seen. These features are chaotic with no clearly defined

orientation.

REALL-TIME DELAMINATION FRACTURE OBSERVATIONS
Mode 1 Loading -~ In—situ observations in the SEM of fracture

of the «© s b syetems are seen in Filigure 3. For mode | loading of

the brittle AS4A/3E501-6 the srimary crack 1 seen to proceed by
) 8] 3

inter facial debonding. A limited amount of microcracking 1e cwen to
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gccwr  in  the resin behind the primary crack tip and 1€ normally

associated with fiber bridging and eventual pullout.

The mechanisms for crack advancement 1 the delaminzation

i

)

! fracture of AS4/Dow-F7 were seen to be both resin/tiber debonding and
!

: recsin detormation and microcracking. In the mode 1 fracture orf the
,

i ductile 54/Dow-04& system, crack propagation cccurs primarily by resin
§ deformation and fracture, with only occasional intertacial debonding.
b

t Considerable resin deformation and microcracking 1s seen in the
:

t regions cuteide the resin rich area betwesn the plies.

Mode II Loading -~ In-situw meode [ delamimation observations
were made for the AS54/3501-6 and AS54/Dow-F7 svetems. In these svetems
a series of sigmoldal shaped microcracks are sesn to develop 1 the

resin rich region betwesn the pliss well ahead of the crachk tip (swe

Figure 9. The primary crack extension occurs by the growth and
coalescence of these microcracks. Mormally this coaslescoence cocours
near  the fiber/recsin  interface at  the upper or lower edtent of the

resin rich region between plies.

5 NN Yy

1,0, W

v

DISCUSSION

YLy
o, 4 1,

FRAECTURE  SURFACE  CHARATE

ISTICS UOF  MDLDERATELY DUCTILE  AMD BRITTLE

RESIMN SYSTEMS ARND THE FORMATION OF HACHLES WYL
YRS
. A
In mods I failure, the in-sittw cbservations indicate that thie -

primary micromechaniasm of delamination is by intertacial debonding for

the G54/20501-6 and A4/ Dow-Fé systens. Because the delamination crac

takes the path of least resistance which in these systems was 1 ong
- oo ) . .

the resinAfiber intorface, resin froactwe 1m0 bthe reglrons boetweon
. P Lt e e e e e T e Tt Y LT Tt T e e bt e e . - .
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fibers was only observed occasionally. Significant resin deformation

or microcracking leading to hackle formation was limited to the few

isol ated areas where good resin  adhesion and/or fibzr pullout

occurred. Thus, only a relatively few, shallow hackles are seen in
the mode 1 fractography. The composite fracture toughness of the
brittle AS4/I5301-6 system was seen to be twice that of the neat resin

material. This may be *plained [?] in terms of a greater fracture

area due to the corrugated roof fractuwwe swface in the compositz as
compared to a mirror smooth fractuwre surftsce in the neat resin. This
greater fracture area along with fiber bridging and subsequent fiber
breakage apparently compensates +for the premature failure by resin
debonding. However, the ALB4/Dow-Fé system whose nest resin has twice
the toughness of

Hercules Z301-46 had a very similar delamination

toughness. Afssumin the interfacial bordin in each <system 1s
po 7

similar, +this might be expected, since the failure mechanicm for the

AS4/Dow—F6 system was also principally resin/fiber debornding.
Therefore, +fiber bridging and bre age along with increased fracture

surface was a&also responsible for providing most of the resistanc
delamination.

to be derived +From a combination of the better resin toughnss

tn
"
i

better extraction of this resin toughness resulting from the increase d

resin/fiber adhesion, increased fracture surface area due to &

"corrugated roof" fracture surtace topography, and fiber bridging and

breakagﬁ;

The fractography for  both the brittle system A5/ 2501-6

o

the somswhat more ductile resin svetem G53/Dow-Fé and AS4/Dow-F7

clearly shows that toe number of hackles as well as their orientation

or angle with respect to the ply plane increase as bthe percentoge of
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shear loading is increased (Figures 2,3, and 4). &g the percentage of
mode Il loading ie increased, the angle of the principa crmal strecss
monotorically incresses from being parallel to the ply plare in mode 1

to 45 degrees to the ply plane for pure mode 11 loadir

G- The hachle

=

0

which form only in relatively brittle systems are apparently the

result of microcrack nucleasticon in  advance of the crack tip and

b

i

subseqgquent propagation in & brittle facshion through the resin rich

£

region  on  the principal normal strese plane until they are stopped by

the graphite fibers (Figure 1), The coalescence of these microcracks

!

constitutes grewth of the sy Crachk. Comfirmaticn of this

ha
it
5
i
+
b
g
o
[}

seen  1n both the fractegraphic evidence of increasing

hackle arngles as the shear loading is increased and the formation of

sigmoldal shaped microcracks in front of the crack tip cbserved in

in—situ mode Il delamination of Ol—-é and AS4/Dow-F7 (Figure ).

I all of the graphite/gpoxy composite systems of this study,

the delamination toughness to incre

ol et

s with higher percentages

of mode Il shesr loading {e@e Table 1). The value for the mcd

]
=
=

critical energy release rate Ffound in this study for A54/

noted to g 2 to 3 times higher that reported in previcus mode 11

fracture toughness studies of AS4/7

1

£3,101. NMNo compariscns wer

possible for the four cther systems studied, but the large

Grre/Gire ratios may indicate  an apparent  larger  than

sapected mode IT delamination  toughine

Whelther  the Righer modeg 1D delamination towghness valees rerloct

differences due to such wvariable ag procoscing or 14 bthey arc oan

artifact of the guperimental o analylicael procedore e still wnclear.

However the gerncral  trends betwesn oode of losding and delamination
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C toughness indicated: by Table 1 are consistant with cther published ¢

' .
P >

data, and will be used to describe nqualitatively the relationship

between failure mechanism and fracture toughness. The ircst dramatic

® increase in fracture toughness as the percentage of mede I1 loading

o
g

4 5

was increased was  sgen in the systems  that failed primarily by e

™ ’:

. - . . P N y . . Ll

, intertacial debonding under wmode I loading ceonditicons. For thecse St
b Ay, }

Q~
%

f
i

o brittle systems, A4 /35016 ard AB4/ Dow-FE, the increase in )

G o

! A .““
delamination toughness appesrs Lo be assoclialted with ths formation of Tt

R

the hackles and the change $from continuowus to discontinucus crack RSN

L

AL

'/ growth it repressnts. Both the increasse in fracture surface area

SN
generated through the formation of these hackles and the more tortuous A

'y
Yy
path of crack growth (sigmoidal aped microccracks inpingemant on -
A

A

' fibers, eho. ) would suggest greater resistance to crachk growtk for ) .
L 0

. . _ . o LS,
itncreasing mods 11 loading. When interfacial adhesicn is y &S S
: . 0N
. EW Y R e d ) : . - ' --"-
; in  the AS54/Dow-F7 =syvstemn, ths resictance to crack growbth i modes I ifﬁj
: ' NP

r o loading 18 1mproved by resin microcracking and devormation.

o,

- bl
AT
. . . . . . . . ARG
Theretore, the effective increase in delamination toughness undesr high AN
R Y
) , araly
mode II loadings that result Ffrom the development of regular ?H?Q
TALE
) : "'.‘\'.n\:
o microcracks and the formation hackles is greatly reduced. It ig also )
SN
1 : "o S N . s I
worth notimg  that the more ductile AS4/Dow—056 system had no haockle IO
- e
formation and therefore a Grie/Bre ratio which was much SRS
f. -

C lower than for the more brittle systems that failed by debonding undesr

~r

mode 1 conditions (Table 1
While the idea that mode 11 or mired mods leading of &

. relatively brittle resin composlbes glves microcracking omn the

princlpal rormal strioss plane and subcoguent coal escoon
hackle foraation sesms  gqualitabtively correct, thero muct be more to

« the storv. The post-aorten and irn-citu resullts for the pure mode

[ S O S R B R AT e DR AT SR S S KRR R Tt Tt T e
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136
delaminatiaon fracture (mode 1 Fractocgraphy in Figuree 2,3, and &

Lyl

clearly indicate a +inal nhackle orientatiocn much greater thanm the

npected 4% degrees to the plane of the ply cne would predict based on
a simple stregs arnalysl s. The more nsarly wverticsal overall
orientation of the hackles for pure mode 1] loading could result from
hackle rotatien due to shear leoading Just priocr to microcrack
coalescence f(see Figue 1. This rotation would not only orient the
microcrack more vertically but could alsc open up the microcrazck near

the boundary where coalescences crcurs. This opening of the

micrococracks gives ths impression of materizl leost, which @might

correcspond to matching hackles on the cpposite surface. Howsver, the
mating Ffractuwre swfaces has Ffor & hackled region sare fournd tc be
flat, diceh <shaped regicns which correspond to hackle coalsscence on
that surface.

The mode 1II  in-situw results of the 654/73501-46 (Figure

By}

clearly show that the slant direction of the hackles depsnds on
whether the coalescence of the anicrocracks occurs at the uppsr or
lowsr boundary. Since the number of hackles pointing in the direction
of crack growth on one fracture swface appears to be the same as the
nuwnbrer  of hackles pointing in the opposite direction on the other

fracture suwrface, no preference as to whether coalesceonce takes place

at the top or bottom of these microcracks i1g indicated. Once the

microcrack coalescence begins onn elther the upper or lower boundary of

the e

i rich S region between plies, it will cenlinue on that same

boundary. The stre

rediestribation thet acoooponioe the coal cecence

otwo microceacks will favor contineed coslesconse on tha

ui

ot the +$ire

came boundory.

Basoom CE1Y maw recently indicated bthal, poeern flew o yvielding
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may be an important ‘mechaniem in the formation of hackles.
ot resin flow in the development of hackles in the A54

AS4/Dow—F7  urnder 4IZY mede 1T loading was evaluated by not

in the fractuwre surfacs

il

fractured specimen 15=  C  above the re

ii

=i T Tor 4 hours

r

the extent of recovery (Figure 11). Mo visible recovery

i3}

chang of shape or size of the hackles in these systems wa

indicatirng that resin +low 1is not  an important  mecha

formation of the hackles. However, caretful examination su

there may  have been  some  change ot hackle orientati

s

P

annealing, the angle with respect to thz ply plans se
decreased wvery slightly, supporting the idsa  that rota
hackles, which would increase the hackle inclination, may
due to the mode I1 component of  loading on the wppe

coalescence occurs. One  might expect the greatest amoun

rotation Lo gccur  under  puwre mode ITD loadi cericti

il

1

to the ply plane after annealing wounld be observed. At

this writing, tests to evaluate the effects of annealing

IT fracture specimens have nobt v besn conducted.

IMFLLICATIONS FOR FATLURE oMALYSIE

The  above obssrvations have import

arnalysl s, First

Lle e

clearly  indiyg

-

hedore and atbter annza

at application to foilure
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The amount

/E2E01-5 and

in}
i
-
4]
=
[}
i
Y

11

in terms of
¢ obessrved,

ritem 1n the

ems to have
tion of the
tabke place

rooand 1l ower

boundaries ot the sigmoidalliy " migrocacked region before +final

t of hackle

:

tions,  an

therefore, a significant change in the hackle inclination with resspect

the time of

on the mods

a wvery hackled surface on a unidirectional laminabe
inowith significant moue 1
loading. The  more nearly  vertical the hackles, the greaster was the

moade  IT component  of  the ssrvice load which caused the failure,
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Pelamination of multiaxial composites such as [O,+ 45, 9071 woulid be
®pected to show general hackling even for nominally macroscoplc mode
I lgading due to the evelepment  of interlaminar shear stresses
through the differential Foisson’'s contraction.

As mentioned before, some authors have suggested that hackles
nmay be useful in determining ths direction of crack growth. This

study has clearly shown that this is only true for one of the fracture

surtaces. On the other fracture the hackles polnt awsy from the

crack growth direction. There does not seem to ke any dirscht way to

1rfer anything atrout crack growthy direction from the hackle

orientation. However, a more carsedful examirnaticn  of the detsilesd

river ratterns on the individoal hackles may allow crack growth
direction to be determined. Individual river patterns may  be
misleading 1+ interpreted to be more than the local microcrack growth
direction but the resolved direction of many such river marks should
point in the direction of crack extension. We found these vivor

patterns more distinct and easy to map on relatively flat hackles

(i.e., for relatively law fraction of mode 11 loading).

FRACTURE CHARGCTERISTICS 0OF DUCTILE SYSTERMS
The . large amount of resin deiormationv and the lack of any

distinct hackle formation indicates that the processes of fractuwre in

the ductile AS4/Dow-06  system  are c from those 1o the aore
brittle systoms. This 1w confirmed by the i1o-sitoe rodz T odelamicosbyon

obeervations (o guers @ that  show that faalws s by re

o yrelding
and  deformation. The:  goeod fibor/resin adhosion allowed the chear

loade  to be effectiviy  tranctferred to  the rosin and re

\n

whts in &

deformation  cnd damane zoneg of up Lo 3 or 10 fiboer dianelers acro

a::]p‘

G

Y
A |

A
RS
-

o
e les
- .

'}

b
i

4

LR LI

ll"
s

o 4y

l.l
B A

5% "

Y%

> v v

S VY
.
]

{

SOALS

-
-

8
f4
ﬁf;

-
!P
L

",




The wmode Il fractography of &S84/ Dow-0%6 system showed an incr

resin detormation comparsd to that seen 1n mode I fairlure, with little
or no hackle formation. Because there wag no significant change 1n
failure mechanism hbetween mede I and Mode 11 delamination (see Figure
7Y, only a moderate incresse 1n delamination toughness would be

wpected as one  changed the  loading trom mode I to mode T1. This
pos

hypothesis is supported by & Gize to Gre ratic of 3.4, &

n

previously toted. Hackles are not develoepe: becaus=e of the resin

ductility (1@, no brittle wicrocrack tailure from vielding
cccurring in liesew of the develcopment and coalescence of a regular

system of microcracks.

SUMMARY

The results of this study ehow that in brittle @S4,2501-4
(resin  Bre = C.O7EJI/S5g.m.), the slightly more ductils G54/Dow-Fé
(Fresin Gie = 0.14 EJ/S5g.m.) and AS53/Dow-F7 (resin Gre = 0,37
KJ/5q.m.) compesite systems the numbsr of hackles and their angle with

respect to the ply plane monotonically imcrease with the percentage of

mode  II1  loading. In-situw delamination observations under meds 11

1
i

SLense oOf

[t

loading  show  that  these hackles develop from the  cosl

siqgmuidal mL oo act that  form 1n & brittie fashion on the

principal rior el stiress plane L the reelns rich reglon ahoad of the

crack  tip. However, under high percontage wmode 11 loading conditions,

the  final orientaticon of the hackl wilh reaspect to the ply plane 1s

cften much  grester than the 4% degrecs copoctbed from brittle cracl ing

i

along  the principal normcd sleess ploase. This 1ncreascd inclinaction
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may result from ret

tion of the hackles due to the shear loading

SOl-4&

befaore +inal coalescence of ths microcracks cococure. In the @B54/35

and AS4/Dow P-4 systems where mode I delamination was dominated by

interfacial debonding, the incre

g in delamination fracturs toughness

as the loading conditions are changed from pure mode I to pure mode II

corresponds to  the formation of these hackles. soth the incressed

surface area and the more tortucus path o

“+:

crack growth that these
hackles reprzsent seem to be responsible for the observed increase in

fracture toughness. In the AB4/Dow FP-7  system whers there was

enfranced intsrfacial bonding, at least some of the mode I delaminaticon
toughrness was obtained through resin deformaticon and microcracking.

Theretfors, the microcracking and formation of hackles associated with
higher precentages of mods 11 loading produced s much less drastic

increase in the delamination toughne

In the toughesr composite stem A54/Dow-0é tresin B =

0.723 EJ/Sgem.), hackles do not form under  high  modes 11 loading
conditions. This 15 because 1in thig ductile resin system, vyielding

and ductile fracture cccw before the development and cozlescence of &

regular system of microcracks can  take plac Since no change in

failure mechanism (i.e. no formation of hackles) takes place as the

loading conditions change from mode | to mode 11, a less substantial

1t

change in the delamination fractwe toughness coours.

T FfFailwes analysis, hackles can be uased to identify a
of  shear  leoading at  the crack front during failure. However, carse

must  be taken in using hackles to identidy the macroszcopic state of

the applied  loading, since i meltidirectional  laminats slear

loading at  bhe orack  bip can resullt from diVferesnti ol Folsson s

ta

contractions where nominally pure  modes 1 loading conditicns
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System

AS4/I501-6
AS4/D0W-F&
AS4/DOW~-F7
AS4/D0W-06

RESIM AMD COMFOSITE ENERGY RELEASE RATES

Resin
GI::

Mode 1

0.137
0,155
Q. 240
©.348

TABLE 1

Composite G

AZ%

Mode

0,495
0.334
0.629

0.26%

I1

Mode I1

1.2972

1.806
T
«EED

Compoeite

G .
IX Lexd

Ratio

i
B
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FIGURE CAPTIONS

Figure 1.

Figure 2.

[

Figure

Figure 4,

Figure 3.

Figure 6.

144 3.

Schematic showing how asymmetric loading of & split
(DCEY can introduce a mixed ‘modes I % mode 11} state of stress
at the crack tip.
Fractographs of AS4/3501-5
Mote, as the percentage of mode II loading is incre:
the numnber of hackles anmd their angle with resp
tracture surface is increased. frrows indicate
of crack growth.

pure mode I loading

2% mode Il loading

477 made 1T loading
and &) pure mode 11 loading

anow

& "

Frzctegraphs of AS54/Dow F-6&

The number of hackles and thelr angle with respsct to the
fracture surtace increase as the psrcentage of mods 11
loading is increased. Under pure mode 11 loading conditicons :
the hackles appear rnearly vertical. Arrows indicat

dirgection of crack growth.

a) pure mode I loading

b)) 4374 mode II loading

c and d) pure mode I1 loading

PR

ARl N )
’1
y
v
.l .

Fractographe of A54/Dow FP-7

The number of hackles and their angle with respect to the
fracture surtace increasse as the percentage of mode 11

loading is increased. Under pure mode 11 loading conditions
the hacklese appear nearly vertical. The ‘pock marked’ surface
may be the result of trapped volatileg during the curinmg of

=

\J

s TR s g

the laminate panel. Arrows indicate the direction of crack -
growth. -
a) pure mode I loading ~ large shiests of fibers and resin i

are seen to be pulled out. .

b)Y 47% mode I1 loading
c and d) puwre mode 11 loading

Hackles slant in the direction of crack growth on the uppar
fractwe surtace and in the opposite direction on the 1ower

fracture surface. frrows indicate the dicection of crack gqrowth.

Clean fibere indicating fiber/matri: dehonding 1n both mode I
and mode Il loading conditions for the AS4/72501-6 syelam.




Figure 7. Fractographe of delamination fracture of the ductile
A4/ Dow O~ svystam
Im the a54/Dow-lié svstem the fibers are coapletely coated wrth
resin indicating geoed resin/fiber adhesion. Mote, that 1 L
ductile system distinct hackles are not chservered sven at pure
mode Il loading conditions. Arrows indicate the divection of
crack growth.

2
o

- ,\
N
v

a) mode [ loading ??ZC?FZ
e - ! AR
b)  43% mode 11 loading S y:

¢

¢ and d) puwe mode I loading

Figure 8. Mode I in-situ delminaticn. Arrgws indicalte the dirsction of
crack growth.
a)  AB4/I501-6 failure is segen to be primarily by debonding at
the fiber/matrix interface.
D) In the mode I delamination failuwe of bthe 354,/0Dow O-5
system sxtensive resin vielding i1se cbeserved.
c and d) Irn the AS4/Dow P-7 evstem, mode [ delamnation railure
occuwrs by a combination of tiber/r cornding ard resin
vielding. Fartial resin coating of the fibers 1ndicates
improved resin/tiber adhesion.

Figurs 9. Mode Il in-sity delamination. #Arrows indicate the dircction of
crack growth.
&0 devel opmernt of the sigmocidal micreoccracthe
reglion between fibers in fromt of the crach
ASASEE01-6 system
By Sigmodial microcracks in the A54/Dow F-7 . under pure
mode Il loading conditions. Mote, the fiber/resin interdacess
are not clearly distinguishable in this frectograph
¢ and o) Hackles resulting from ths coale | ot the
microcracks developed in mode I leoading of the AS4/725801-5

[RVA=R ey
Sve e

s
¢ a

AR |

-+

CACR ]

Figures 10. al The primcipal normal stresses that developed abhead of a

crachk tip in the resin rich reqgion betwsen pliess under
lopading conditions.
B The develoupment of sigmoidal mi
primcipal normal stresss plane and t
due to the shear loading before fins
microcracks. The dirsction in which
depsnds on whether the microcrachks
o lower boundary.

firk sed

annealing 15 degroess O
vabile change 1 sioe
in flow 1s
vhlon.
angle of the hackles
to the fracture may ave

& clightly after anneasling sugoesting that rotobien
ot the kles due te the shear loading cccurred before
firnal cocalescence of the micreocoracks.
¢ oand di A5 Dow -7

Figure 11. The fracture surfacs before ar
apove the resin Tg. T
or ernaps ot the he
not an

here is no ©
Bles 1ndicating
charniem i Prael ]
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Eigure 1. Schematic showing how asvmmetric loading of split laminate can
introduce a mixed mode I/mode II state of stress at the crack tip,
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Figure 8.
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stress diagram for
pure mode II loading

principal normal €—
stress plane for —
» pure mode Il loading B Ve
\
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\ 4
® fiber

delamination
crack tip
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4! //! A .\\resin rich-region

fiber between fiberg

microcracking along )
the principal normal
stress plane
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Figure 10a

Py P g —

coalescence of the micrecracks -——-‘”'——_—\\
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The Meaning and Significance of Hackles

in Composite Materials Failure Analysis
by
William Jordan, Michael Hibbs, and Yalter Bradlev

Texas A&M University

College Station, Texas 77843

INTRODUCTION

The dramatic increase in use of graphite/epoxy composites in many
diverse applications has brought about the need for reliable fajlure
analysis techniques of these materials. For years, fracture surface
mornhology has been successfully used as means of identifyina the fracture
origin and direction of crack propagation in metals. There have been
recent attempts by Hahn(1,2)and others to apply similar techniques to
araphite/epoxy composites. In order to more easily use fracture surface
characteristics as a tool in failure analysis, a better understanding of the
micromechanical processes involved in failure in these materials is needed.

In the case of delamination of a graphite/epoxy composite, the fracture
surface is characterized by the amount of fiber pullout, interfacial debonding,
and the extent of the resin deformation or microcracking. One of the most
common features of resin deformation have been identified as ‘'hackles'. These
hackles appear as lacerations or scallops in the resin that form regular
saw tooth or zipper patterns. The works of these authors and others (Hahn)

have shown that, as the shear or mode Il component of the state of stress
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at the delamination crack front is increased, both the number and angle of o ~j
] RO
the hackle with respect to the ply piane also increase. Several attempts e
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have been made to relate the orientation of the hackles to the direction d};;jlﬁt
Roenien
A of crack propagation. Early works indicated that hackles slant towards the {:ﬁ:ﬁ:ﬁn
Yt
direction of crack growth (3,4), A more recent study has indicated that '

the hackles slant in opposite directions on the top and bottom surfaces

of the crack face (5).

In this study, the effects that the state of stress, direction of crack
growth, and resin ductility have on the formation of hackles in delamination
failure will be explored. Evaluations will be made on the basis of
scanning electron microscope (SEM) observations of the post-mortem fracture

surfaces of unidirectional split laminate double cantilever beam specimens

(DCB). These DCB specimens have been loaded in mode I, mode II, and mixed
mode I & II conditions. Also, observations through the SEM of a mixed

mode failure provided by unidirectional crack lap shear specimens (CLS),

described by Wilkins, et al. (€) were made. These specimen gave approximately
75 mode Il and 25% mode I loading.

To better understand the micromechanics involved in the formation of @oii
hackles and to help in the interpretation of the post-mortum fraétography,

in-situ SEM observations of delamination fracture of small DCB specimens

loaded in mode I and mode II conditions were made. Y
Because, in most applications of composites, multidirectional laminates R
are used, a discussion of the resulting fracture surfaces from multidirectional 3 x|
RN
laminates is also included. AN
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EXPERIMENTAL PROCEDURES

The qraphite/epoxy composites used in this study were made from three
resins, Hercules 3502, Hexcel 205 and Now Chemical N6 (a new experimental
resin system). These threz rasins were chosen because they had very
different toughnesses. In the case of the 3502 ani Q6, pre-preg tape was
obtained from the manufacturer and made into a2 30 cm. square unidirectional
panel with 24 plies. The panels were cured according to the manufacturers
recommendations. A thin 0.03 mm teflon strip was placed between the center
two plies to provide a starter crack. Hexcel provided unidirectional
laminate made from prenreq of HX205 resin and graphite fibers. Test specimens
2.5 cm. by 25 cm. were cut from each panel. Double cantilevered beam specimens
were tested on an MTS system in stroke control. Small specimens (2 cm x 0.4 cm)
were cut from the larger panels for testing in the scanning electron microscope.
A schematic of the loading for the various tests is shown in Fiqure 1.
Mixed mode conditions are obtained by sunzrimposing a pure mode II load upon
a mode I load. Pulling down only on the lower surface gives 43% mode II
conditions if the upper arm is unloaded. Note pure mode II loading is
obtained by pulling down on the top surface. To remove as much as possible
any rubbing together of the fracture surfaces, a teflon strip about .1 mm
thick was placed between the ends of the top and bottom surfaces.
Crack lap shear tests with approximately 75% mode II were conducted
using the test specimen shown by Wilkins. The samples were tested on an
Instron test machine in stroke control.
Fractographs were obtained by sectioning the fractured coupons with
a jeweler's saw. The amount of cutting debris was minimized by cutting

the samples before the top and bottom surfaces were separated. Any loose
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debris that did occur was blown away by compressed air. The surface was
then coated about 200 A thick layer of gold-palladium. The photographs
were made on Tri-X film, using a JEOL JSM-25 Scannina Electron Microscope
at accelerating voltages of 12.5 and 15 kv.
A limited number of mode I and mode II delamination tests were
observed in the scannina electron microscope usinn a specially desianed stage

capable of loading specimens in the SEM. These observations were recorded

in video tape and on tri-X sheet film, The edae of the specimen to be

observed during delamipatinn was ceretuliy polished using standard metallo-

graphic techniques and coated with a 200 A gold-patiadium alloy.

EXPERIMENTAL RESULTS

Post-mortem Fractographic Examination

In this section post-mortem fractographic results for delamination of

three graphite/epoxy composites will be presented.

Brittle resin composite AS4/3502 (G, = 189 J/m’) - Fractography of
the post-mortem delamination surfaces indicates that the number of hackles

increase as the percentage of shear loading is increased, with the most

dramatic increase being between 43% and 100% mode I1 loadina (Figure 2).
Mode 1 fracture surfaces were characterized by a flat corrugated roof
appearance with a limited number of shallow hackles. The angle or slant
between these hackles and the plane of the fracture surface is seen to
increase as the percentage of shear loadinag is increased. At near pure
mode II loading, the hackle are observed to be nearly perpendicular to the
plane of the plies, and their edges appeared drawn and "tuffed". For the

most part, the orientation or slant of the hackles remains constant on a
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given fracture surface and point in opposite direction on the matching
fracture face.

Because the interfacial bonding is so noor in AS4/3502, almost all
fracturing occurred at the interface for pure mode I loading. AS1/3501-6
shown in Figure 3 indicates the more typical corrugated roof appear of
pure mode I fracture with fracture occurring primarily through the resin.
It should be noted in Figures 2 and 3 that almost no hackles are observed
in the brittle system for pure mode I loadina.

Moderately ductile resin composite HX2Q5 (G1C = 455 J/mz) - The fracture
surfaces of the more ductile resin composite system HX205 were similar in
appearance to those seen in AS4/3502, except for a much greater degree of
resin deformation (Fiaure 4). As the percentage of shear loading was
increased both the number and slant of the hackles increased. As the mode
Il loading is increased the shape of the hackles appeared more pulled
or drawn than those seen in the brittle AS4/3502 system.

Ductile resin system Dow (6 (Glc = 850 J/mz) - The fracture surfaces
of the ductile system Q6 were characterized by considerable resin deformation
with good fiber/resin adhesion. Fractography reveals no distinct hackles
(Figure %). Only at near pure mode Il loading conditions were some i1l
defined hackle like features seen. These features seen to be random with
no consistent orientation.

In-situ delamination fracture observations in SEM

In-situ observations of fracture in the SEM of the three composite
systems are seen in Figure 6. For mode I loadina, both the brittle system

AS4/3502 and the moderately ductile system HX205, the primary crack is seen

to proceed by interfacial debonding.

A limited amount of microcracking
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is seen to occur in the resin behind the primary crack tip, and is normally
associated with fiber bridging and eventual pullout.

In the mode 1 fracture of the ductile Q6 system, crack propagation
occurs primarily by resin deformation and fracture with only occasional
interfacial debonding. Considerable resin deformation and microcracking
is seen in the regions outside the resin rich area between the plies.

In the mode II delamination of the AS4/3502 system, a series of sigmodial
shaped microcracks are seen to develop in the resin rich region between
the plies, well ahead of the crack tip. The primary crack extension

occurs by the growth and coalescence of these microcracks.
DISCUSSION

Hackle Formation in More Brittle Resin Systems

The fractography for both the brittle system AS4/3502 and the moderaté]y
ductile system Hexcel HX205 clearly shows that the number of hackles as well
as their orientation, or anale with respect to the ply plane, increase as
the percentage of shear loading is increased (Figures 2-4). In mode I
failure, the in-situ observations indicate that the primary micromechanism
of delamination is by interfacial debonding (Figure 6) or continuous growth
of the microcrack through the resin rich region between plies. This
brittle fracture as it occurs for debonding or resin crackina occurs
perpendicular to the principal normal stress in the region of the crack tip.

As the percentage of mode Il loading is increased, the angle which
the principal normal stress at the crack tip makes with respect to the ply
plane changes from being parallel to the ply plane in mode I to 45° to

the ply plane in pure mode Il loading. The hackles formed are apparently
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the result of the cracking occurring in a brittle fashion on the principal.
normal stress plane, giving a whole series of microcracks running through
the resin rich region between plies until they are stopped by the fibers.
Coalescence of these microcracks, usually by interfacial debonding gives
macrocrack advance and leaves a zipper appearance to the fractured surface,
as shown in Figure 2.

The above conclusions have important implications to failure analyst.
If the state of loading is known, the direction of the principle normal
stress can be calculated from the tensile and shear components of the
load. By assuming that the hackles are oriented perpendicular to the
direction of the principle normal stress, one should be able to estimate
the fraction of mode I and mode Il loading which caused the delamination.
To accomplish this, one must measure the hackle angles by looking at their
profiles. This may be done by nickel plating the fracture surface *o
preserve the hackles, sectioning and polishina one edge.

Bascom ( 7) has recently indicated that resin flow or yielding may
be an important mechanism in the formation of hackles. Indeed, at a
high percentage of the shear loading in the moderately ductile system
HX205 or near pure mode Il loading for the brittle AS4/3502, the shape of
the hackles seems to indicate some resin drawing (Figure 4). This is
probably due to resin flow before final microcrack coalescences takes
place. The amount of resin flow in the development of hackles can be evaluated
by annealing the fracture surface near the resin's Tg to see the extent
of recovery but, at the time of this writing, annealing tests had not been

performed on our specimens,.
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Fracture Characteristics of Very Ductile Systems
® The large amount of resin deformation and the lack of any distinct
hackles indicates that the processes of fracture in the ductile Q6 system
are different from those seen in the more brittle systems. This is
@ confirmed by the in-situ mode 1 delamination observations (Figure 6) .
| that show that failure is by resin cracking and deformation. The good \,
fiber/resin adhesion indicates that the shear loads must be effectively ﬁi;;ig
o transferred to the resin. Because of the resin's ductility, failure from ‘.‘:i{_‘
yielding occurs before the development or coalescence of a regular system e (
of microcracks can take place. Clearly the use of fracture surface topo- [ -E
¢ graphy in the failure analysis of any ductile system is much less instructive. .

SUMMARY

Hackles form in graphite/epoxy composite materials when the following

requirements are met: (1) relatively brittle epoxy is used; (2) some regions

of resin concentration are present (e.q., low fiber density in delamination

P

AT,

plane between plies); and (3) some mode 11 loading must be present locally Ay

e . _ o '
in the crack tip region. Such conditions are routinely met in laminates with TR
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a muitiaxial layup since interlaminar shear stresses are always present in such ﬂ AN
[N - '\

laminates, even when they are loaded with only mode I loading conditions. Further- AGHANEN
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more, fiber nesting is not possible in such systems, which means that regions '.:::\-:.\-;_
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of resin concentration are always present at the interface between adjacent :‘C'_\-:L-'
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plies. Thus, it is not surprising that hackles are a very dominate feature '.\k;:\"
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on the fracture surface of delaminated multi-directional laminates. R
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be observed occasionally when local heterogeneities in the composite cause
the crack tip to experience a significant mode II contribution even though
the macroscopic loading conditions are pure mode I. Furthermore, fiber
nesting in unidirectional tayups give a smaller volume of resin concentrated
regions where hackles may form.

Since hackles result from sigmodial shaped microcracks for unidirec-
tional layups, we do not 5e1ieve that crack growth direction can be deduced
from the macroscopic orientation of the hackles, since they will point in
the direction of crack growth on one fracture surface and in the opposite
direction on the other fracture surface. Sometimes a more detailed examina-
tion of individual microcracks may indicate "river patterns", and these may
be useful in accertaining crack growth direction. We believe that only the
hackles angle of inclination with regard to the plane of delamination gives
useful information, and this information has to do more with state of stress
than crack growth direction.

Finally, a change in loading conditions during crack growth could
give a change in crack growth direction which might be reflected in a change
in hackle orientation in a rulti-directional Taminate. Thus, it might be
difficult to determine crack growth direction from hackles for proportional
loading; nonproportional Toading and subsequent changes in crack growth dir-

ection could probably be accertained from changes in hackle orientation.
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Figure

Figure

Fiqure

fracture surface of A54/3502 system fractured in mode 1
conditions (left, 300 x).

Fracture surface of AS4/3502 system fractured in 437 mode 11
conditions (rignht, 4500 x).

Fracture surface of 854/3502 svstem fractured in mode 11
conditions (pottom, 1567 <.
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Figure dc.
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Fracture surface of Hx205 system fractured in mode I
conditions (left, 300 x).

Fracture surface of Hx205 system fractured in 437 mode i!
conditions (right, 1000 x).

Fracture surface of Hx205 system fractured in mode Il
conditions flLiottcn, 2.0 xy,
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fractured in mode |

iqure Fracture surface of Q& systenm
conditions (left, 450 x).
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